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ABSTRACT: 

The NAD+-dependent lysine deacylase Sirtuin2 (Sirt2) is involved in multiple pathological 

conditions, including cancer and targeting Sirt2 has thus received an increased interest for 

therapeutic purpose. Furthermore, addressing the ortholog from Schistosoma mansoni (SmSirt2) 

has been considered for the potential treatment of the neglected tropical disease schistosomiasis. 

We previously identified a 1,2,4-oxadiazole-based scaffold from the screening of the “Kinetobox” 

library as a dual inhibitor of human Sirt2 and SmSirt2. Herein, we describe structure-activity 

studies on 1,2,4-oxadiazole based analogs, which are potent inhibitors of human Sirt2 

deacetylation. As proposed by docking studies, a substrate competitive and co-factor non-

competitive binding mode of inhibition could be determined in vitro via binding assays and kinetic 

analysis, and further confirmed by a crystal structure of an oxadiazole inhibitor in complex with 

hSirt2. Optimized analogs reduced cell viability and inhibited prostate cancer cell migration, in 

correlation with Sirt2 deacetylase inhibition both in vitro and in cells. 
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INTRODUCTION: 

Sirtuins (Sirts) refer to class III of Histone deacetylases (HDACs) and exert their catalytic activity 

in presence of nicotinamide adenine dinucleotide (NAD+) as cofactor.1,2 Seven isotypes are 

identified in humans, which share structural similarities around the catalytic core, composed by a 

Zn2+-binding domain without catalytic role but responsible for structural stability and a so called 

“Rossmann”-like domain for the NAD+ cofactor binding3,4. On the other hand, Sirtuins differ in 

their cellular localization5–8 and catalytic activity which is displayed on a wide spectrum of histone 
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and non-histone proteins.9–17 Sirtuin 2 (Sirt2) is mainly localized in the cytosol but it can also 

shuttle into the nucleus.18 Together with Sirtuin 1 (Sirt1) and Sirtuin 3 (Sirt3), it has been long 

considered a strong deacetylase of both histone19–21, and non-histone22–27 substrates. Besides its 

well-known deacetylase activity, Sirt2 mediates also defatty-acylation with a greater catalytic 

efficiency28–32, arising from a higher target affinity due to additional interactions between the acyl 

chain and the hydrophobic region beyond the “extended C-site” (“EC-site”) of Sirt228,29. A number 

of endogenous substrates have been also reported for Sirt2 defatty-acylation33–35 , which prompted 

researchers in the field to explore further the physiological role of this activity and the potential of 

its inhibition. Thioacyl-lysine36,37, thioamide and thiourea38 mechanism-based inhibitors , as well 

as the triazole-SirReal-derivative Mz242 and morpholine-SirReal-derivative (MorSirReal) 

inhibitor39 (Figure 1) have been recently reported to block simultaneously Sirt2 mediated 

deacetylation and defatty-acylation. Addressing both activities appeared generally beneficial for 

anticancer effects compared to a selective Sirt2 deacetylase inhibition.32,36. However, the isotype 

selectivity can be lost resulting in higher cytotoxicity, which arises presumably from multiple 

targets or off-target action.40 By exerting its deacetylase and defatty-acylase activity on multiple 

endogenous substrates, Sirt2 is associated with several diseases including cancer41–44. As a 

promoter or suppressor of multiple competing mechanisms, Sirt2 plays a controversial role, which 

requires further investigations44,45 and whose inhibition may be promising for therapeutic purpose. 
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Figure 1. (A) Simultaneous inhibitors of hSirt2-mediated deacetylation and defatty-acylation 

TM46 and its analog JH-T447; (B) Thiourea and thioamide-based peptides48; (C) Mz242 and its 

derivative MorSirReal39. 

 

As reported already for other regulators of the epigenetic mechanisms underlying the 

morphological changes during the life-cycle of parasites49–52, Sirtuins play also a crucial role in 

the survival of parasites like Schistosoma mansoni.53 Addressing these enzymes has been thus 

considered as a promising approach for the potential treatment of parasitic diseases, including 

schistosomiasis.54,55 Considering the similar behavior of cancer cells and parasitic organisms, in 

terms of invisibility to the immune host system and metabolic activity56–60, a “target-repurposing 

approach”61,62 was successfully applied for the identification of lead compounds against parasitic 

epigenetic targets like SmHDAC8, confirming also the importance of epigenetic regulators for the 

survival of the parasite.63–66. Five isotypes of Sirtuins are expressed in Schistosoma mansoni 

(SmSirts), and according to phylogenetic analysis they are orthologs of mammalian Sirt1, Sirt2, 

Sirt5, Sirt6, Sirt7.53 Among them, Sirtuin 2 (SmSirt2) showed the highest and most homogeneous 
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transcript pattern throughout all life-cycle stages of the parasite67 and further characterization in 

vitro revealed SmSirt2 as deacetylases and demyristoylases68. We had screened the “Kinetobox 

library”69, which comprises of around 600 molecules, active against the kinetoplastids 

Trypanosoma cruzi, Trypanosoma brucei and Leishmania donovani for the potential treatment of 

chagas disease, sleeping sickness and leishmaniasis respectively, against SmSirt2 deacetylation. 

Three hits were identified for further development of potential antiparasitic inhibitors, including 

the N-(4-(5-((1-(3-fluoro-2-methylbenzyl)piperidin-3-yl)methyl)-1,2,4-oxadiazol-3-yl) phenyl) 

acetamide TCMDC-143362.68 The latter appeared not only as a good inhibitor of SmSirt2 

(IC50 = 14.0 ± 2.0 µM), but an even more potent scaffold for inhibition of the mammalian ortholog 

Sirt2 (IC50 = 3.6 ± 1.0 µM), representing a promising starting point also for the development of 

more potent Sirt2 inhibitors with potential anticancer activity. Inspired by the reported 

hydrophobic cavity revealed beyond the “EC-site” of Sirt2,29 initial modifications of the scaffold 

had concerned the elongation of the acetamide to octanoyl and decanoyl fatty-acyl group, aiming 

for the inhibition of the human target as well as potentially SmSirt2, due to the putative presence 

of a similar hydrophobic pocket beyond the active site29. Nevertheless when tested in vitro, both 

derivatives lost the inhibitory activity against Sirt2 and SmSirt2.68 Here we present potent 

inhibitors of Sirt2 deacetylation from structure-activity studies on the 1,2,4-oxadiazole 

TCMDC143362, including also the optimization of the synthetic path. Further investigations in 

vitro provided insights on the mechanism of Sirt2 inhibition by the scaffold, as evinced also by a 

crystal structure of the most potent compound. The inhibition of Sirt2 deacetylation by optimized 

analogs, observed both in vitro and in cells, has been correlated with reduced cell viability and 

block of prostate cancer cell migration. Such a readily achievable scaffold may thus serve as a 
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structural base for the development of additional tools, to further explore and better elucidate the 

promising but unclarified role of Sirt2 and its inhibition. 

 

RESULTS AND DISCUSSION 

Computational Docking and design of the study 

To rationalize the interaction of the initial hit with Sirt2 we carried out docking studies using the 

available Sirt2 crystal structure70 as well as the generated homology model of SmSirt2 (see 

Methods section for details). According to molecular docking experiments, the 2-methyl-3-fluoro-

benzyl moiety of TCMDC-143362 (R- and S-isomer) interacts with the hydrophobic extended 

C-pocket at the back of the active site, the so-called “selectivity pocket”, while the acetyl group 

points towards the lysine channel (Figure 2). Similar docking poses were obtained for the R- and 

S-isomer. To visualize the interaction with SmSirt2 we used a previously generated homology 

model of SmSirt2 and docked both isomers of TCMDC-143362 into this model structure.71 A 

similar interaction was observed as in case for the human Sirt2 including the interaction of the 

2-methyl 3 fluoro-benzyl moiety in the hydrophobic pocket as well as the hydrogen bond to the 

conserved valine (Val194). 
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Figure 2. Predicted binding mode of TCMDC-143362 to Sirt2 (PDB ID 5DY570) (A) and 

SmSirt271 (B). The ligand TCMDC-143362 and relevant binding pocket amino acid residues (or 

their side chains for clarity) are shown in stick representation: A) R-isomer (orange carbons) and 

S-isomer (green carbons) of TCMDC-143362 in hSirt2 (white carbons), B) TCMDC-143362 in 

SmSirt2 (pink carbons). Hydrogen bonds are depicted as green lines. Heteroatoms are colored in 

standard coloring scheme (nitrogen - blue, oxygen - red, fluorine - green). Binding pocket surface 

surrounding the ligands is shown in gray lines. 

 

We thus designed a focussed set of TCMDC-143362 analogs which based on our predictions 

would have an increased potency against the desired targets. We kept the 4-(5-((1-(3-fluoro-2-

methylbenzyl)piperidin-3-yl)methyl)-1,2,4-oxadiazol-3-yl)aniline core, which fits well to the 

selectivity pocket, but modified the acyl group pointing out of the lysine channel. Docking studies 

showed that the substitution of the amide linker with similar urea and thiourea linkers should be 

well tolerated. Furthermore, it was suggested that the replacement of the acetyl group with bigger 

and rigid aromatic groups is presumably beneficial for the binding due to stabilization of the 

bioactive conformation and potential additional hydrophobic interactions with residues at the 

entrance of the lysine channel. Based on the predicted binding modes we selected and synthesized 

a collection of compounds which can be divided in three main categories, according to the nature 

of the linker: the thiourea-based compounds 7 and 8, the urea-based analogs 9-11 and the amides 

12-17 (Figure 3). 
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Figure 3. TCMDC-143362 and designed analogs 7-17. 

 

Chemical Synthesis 

To obtain the desired compounds, we firstly synthesized a 1,2,4 oxadiazole-based aniline core. As 

illustrated in Scheme 1, the nucleophilic substitution of 1-(bromomethyl)-3-fluoro-2-

methylbenzene 1 with ethyl 2-(piperidin-3-yl)acetate 2 provided an excellent yield of the ethyl-2-

(1-(3-fluoro-2-methylbenzyl)piperidin-3-yl)acetate 3, following the already published procedure 

from Monaldi et al.68, while (Z)-tert-butyl(4-(N’-hydroxycarbamimidoyl)phenyl)carbamate 5 was 

obtained in good yield from the corresponding tert-butyl(4-cyanophenyl)carbamate 4 reacting with 

hydroxylamine hydrochloride. The coupling of (Z)-tert-butyl(4-(N’-

hydroxycarbamimidoyl)phenyl)carbamate 5 with ethyl-2-(1-(3-fluoro-2-methylbenzyl)piperidin-

3-yl)acetate 3 via an optimized procedure inspired by Baykov et al.72, led to the formation of the 

1,2,4-oxadiazole ring intermediate. Subsequent treatment with TFA in CH2Cl2 to remove the Boc 

protection afforded the final aniline core 6. 
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Scheme 1. Synthesis of the aniline core intermediate 6. 

 

Reagents and conditions. (i) Toluene, room temperature, overnight. (ii) NH2OH·HCl, NaHCO3, 

EtOH, reflux 6 h. (iii) NaOH, DMSO, room temperature, 4h. (iv) THF, 2h, 0-25 ° C. 

 

Afterwards, the common intermediate 6 reacted with selected commercially available reagents to 

yield the desired final compounds. Thioureas 7 and 8 were obtained by coupling the aniline core 

with benzyl or phenyl isothiocyanate in tBuOH at reflux temperature. The reaction of the aniline 

core with corresponding isocyanates via urea bond formation led to compounds 9, 10, and 11. The 

acyl substitution of specific acyl chlorides with the aniline core in DCM at room temperature 

resulted in the formation of the amides 12-17, all as racemates (Scheme 2). 

Scheme 2. Synthesis of final compounds 7-17 
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Reagents and conditions: (v) Isothiocyanate, tBuOH, reflux, 4 h. (vi) Isocyanate, DCM, room 

temperature, 4h. (vii) Acyl chloride, Na2CO3 aq. DCM, room temperature, 4h. 

 

Biochemical in vitro Assays 

The synthesized analogs 7-17 including the intermediate 6 were tested in vitro to evaluate their 

potential inhibitory activity against both Sirt2 deacetylation and demyristoylation as well as 

against SmSirt2 deacetylation and demyristoylation. Moreover, we tested our compounds against 

the homologous deacetylases Sirt1 and Sirt3 to investigate the isotype selectivity. For this purpose, 

we used an end-point homogeneous fluorescence based assay previously established in our group, 

where assay conditions have been adapted for specific catalytic activities as well as for the enzyme 

(SmSirt2 or Sirt1-3) under investigation.68,71,73 The results are reported in Table 1. All compounds 

(except for the intermediate compound 6) showed indeed enhanced potency against the human 

ortholog Sirt2, concerning Sirt2 deacetylation. We determined IC50 values in the very low 

micromolar range for compounds 8, 9, 12 and in the submicromolar range for the others, for 

instance compounds 11 (IC50: 0.21 ± 0.02 µM) and 16 (IC50: 0.35 ± 0.02 µM). The aniline 

intermediate 6 appeared as a 20 to 80-fold weaker inhibitor, compared to the other analogs 

(IC50: 17.8 ± 1.37 µM). 

The inhibition of Sirt2 demyristoylation observed for TCMDC-143362 (IC50 value 11 µM) has 

been mostly preserved in its synthesized analogs in a similar range (IC50 values between 6-28 µM) 

except for compounds 15-17 (less than 20% inhibition at 25 µM). A weaker potency was generally 

observed against Sirt2 demyristoylation (IC50 values between 6-28 µM), as compared to the 

corresponding data for Sirt2 deacetylation (IC50 values between 0.2-1 µM). This has been 

generally reported for simultaneous inhibitors, in line with the higher Sirt2 affinity displayed by 
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myristoylated substrates than the acetylated ones. Compared to the urea-based analogs, the 

thiourea 7 and 8 appeared the most potent Sirt2 demyristoylase inhibitors (IC50 < 10 µM). The 

isosteric substitution of the oxygen with a sulfur atom may thus be beneficial for this activity. In 

the case of amides 15-17, no inhibition of Sirt2 demyristoylation was observed (< 15% inhibition 

at 25 µM). These compounds are characterized by the presence of halogen atoms in the structure, 

thus, these may have a negative impact on this specific activity. 

All analogs generally lost potency against the parasitic target SmSirt2, as compared to the reference 

lead compound TCMDC-143362. Inhibition of less than 40% at 25 µM tested concentration was 

determined for most of the compounds. Since it was not reported in the previous work, we tested 

TCMDC-143362 and all new derivatives against SmSirt2 demyristoylation. In this case, a weaker 

potency compared to SmSirt2 deacetylation was observed for all tested molecules, including the 

lead compound, with percentages of inhibition mostly less than 30% at 25 µM.  

When tested against the isotypes Sirt1 and Sirt3, all analogs appeared generally less active 

(inhibition less than 40% at 25 µM except compound 17 with 51% inhibition at 25 µM) than 

against Sirt2 with at least 50-fold selectivity towards Sirt2. The best selectivity was observed for 

the p-halogen substituted benzamides 15 and 16 (IC50 in the submicromolar range against hSirt2 

and < 15% inhibition at 25 µM for both Sirt1 and Sirt3) (Table S1 in the Supporting information). 

Due to the presence of a stereocenter at position C-3 of the piperidine ring, we decided to 

investigate further its role in the inhibitory activity of the scaffold. We were able to separate the 

two enantiomers of compound 15 via preparative chiral chromatography in normal phase 

conditions, which were subsequently characterized via circular dichroism (see Figure S1A and 

S1B in the Supporting information). Then, we tested in vitro the two enantiomers in reference to 
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the racemate for Sirt2 deacetylation, as main activity exerted by the analog. Interestingly, both 

enantiomers appeared to be similarly potent as the racemate with IC50 values in the submicromolar 

range (Table 1). 

 

Table 1. In vitro testing of TCMDC-143362, the intermediate 6 and synthesized analogs 7-17 

Sample Sirt2 deac Sirt2 demyr SmSirt2 deac SmSirt2 demyr 

TCMDC- 

143362 

3.6 ± 1.0 11.0 ± 1.20 14.0 ± 2.0 26% 

6 17.8 ± 1.37 22.2 ± 1.83 30% 31% 

7 0.64 ± 0.13 6.65 ± 1.01 39% 37% 

8 0.90 ± 0.13 6.20 ± 1.21 < 15% < 15% 

9 1.07 ± 0.22 10.2 ± 0.45 19% 22% 

10 0.62 ± 0.11 25.0 ± 1.14 33% 35% 

11 0.21 ± 0.02 20.1 ± 1.57 28% 35% 

12 1.10 ± 0.20 27.7 ±1.32 18% 17% 

13 0.43 ± 0.04 12.6 ± 1.64 53% 21% 

14 0.88 ± 0.07 22.3 ± 0.94 35% 19.0% 

15 0.60 ± 0.06 rac. 

0.71 ± 0.04 e1 

< 15% 40% < 15% 
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0.68 ± 0.01 e2 

16 0.35 ± 0.02 18 % 40% 17% 

17 0.67 ± 1.18 < 15% 35% 16% 

IC50 values (mean ± standard deviation(SD), N ≥2) or percentage of inhibition at a concentration 

of 25 µM. 

 

Structural Biology 

For validation of the binding mode proposed from molecular docking, co-crystallization 

experiments were carried out. The crystal structure of human Sirt2 in complex with the most 

isotype selective inhibitor 16 was solved at 1.65 Å resolution (PDB 8PY3, Figure 4, Table S2). 

The complex crystallized in space group P21 with one monomer in the asymmetric unit. For 

co-crystallization a racemic mixture of 16 was used. Although the in vitro affinities of the 

(S)- and (R)-enantiomers were almost identical (see Table 1, ligand 15), only the (S)-enantiomer 

was implemented in the final structure as it displayed a more pronounced and reliable electron 

density at the piperidine residue. 16 binds inside the acyl lysine channel of Sirt2 that is located at 

the interface of the NAD+-binding Rossmann fold domain and the smaller, flexible Zn2+-binding 

domain. 

Superimposition of the Sirt2-16 complex with structures containing either the cofactor NAD+ 

(PDB 4RMG, Figure S2A)74 or an H3-Lys-Ac substrate (PDB 4RMH, see Figure S3A)74 indicate 

that 16 is a non-competitive inhibitor towards the co-factor NAD+, but substrate competitive due 

to expected collision with the 4-chlorophenyl moiety binding next to the acyl lysine channel entry. 

Compound 16 opens the hydrophobic selectivity pocket of Sirt2 through its 2-methyl-3-
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fluorobenzyl residue, analogous to the 4,6-dimethylpyrimidine residue of SirReal-like inhibitors. 

The amino acids Tyr139, Pro140, Phe143, Phe190 and Leu206 involved in the formation of this 

binding pocket are arranged similarly for 16 and SirReal binding. The orientation of Phe190 allows 

staggered π-π-stacking interactions with the 2-methyl-3-fluorobenzyl of 16. Differently from 

SirReal2 and a Mz315 bound structure, Phe96, Arg97 and Phe119 adopt here a different 

orientation, which explains the significantly different binding mode of 16 within the acyl lysine 

channel (Figure S2A).70,74 The two aromatic rings of the rigid 3-phenyl-1,2,4-oxadiazole moiety 

are aligned almost parallel to each other, which allows partial staggered π-π-stacking with Phe119. 

Close to the acyl lysine channel entry N–H of the 4-chlorobenzamide residue forms a hydrogen 

bond of 2.9 Å distance with the main chain C=O of conserved Val233 and likely plays a crucial 

role in the high binding affinity of 16. For comparison, the Nε–H of peptides containing acylated 

lysines form analogous hydrogen bonds with Val233 in the Sirt2 bound form which is considered 

as one of the key interactions in substrate binding.29,74 Compared to the intermediate 6, the main 

affinity boost of 16 is realized through the implementation of the 4-chlorophenyl residue that 

exhibits possible weak π-π-stacking and non-specific hydrophobic interactions with Phe235 and 

Leu239. 
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Figure 4. Co-crystal structure of the Sirt2-16 complex. (A) Binding mode of 16 inside the acyl 

lysine channel of Sirt2 (light orange cartoon and sticks). 16 is shown as firebrick sticks (nitrogen 

= blue, oxygen = red, fluorine = light teal, chlorine = green). The 2Fo – Fc map is depicted as gray 

mesh and contoured at 1.0σ. The hydrogen bond between the amide carbonyl of V233 and the 

amide NH of the inhibitor is shown as dashed line. (B) Visualization of 16 binding inside the acyl 

lysine channel of Sirt2. The 4-chlorobenzamide residue is located at the channel entry where 

usually acylated lysine substrate binding takes place. 

 

Computational docking  

A slightly different geometry was observed between the docking pose of 16 in complex with Sirt2 

using the structure 5DY5 and the determined crystal structure, implying a conformational change 

of Phe96 and Phe119 (Figure S4). Compared to the SirReal bound Sirt2 structure (5DY5), Phe96 

is in fact rotated 180° in the 16-bound structure (8PY3). Redocking of 16 using structure Sirt2-16 

(8PY3) resulted in high agreement with the experimentally observed inhibitor binding (RMSD 

heavy atoms 0.30 Å, Figure S5). 

To explain the activity of optimized compounds towards Sirt2, we docked them to the human 

target, using the obtained crystal structure (8PY3). The binding modes of all analogs to Sirt2 were 

similar (exemplified by compound 16 in Figure S5) and resulted in high agreement with the 

experimental observations of the cocrystal structure of compound 16 (Figure 4). According to 

structure-activity relationship, the main gain in target affinity and potency seems to arise from the 

introduction of the aromatic ring, as the result of additional  or hydrophobic interactions of the 

ligand with aliphatic and aromatic side chain at the entrance of the active site, while the nature of 

the linker may not play a crucial role. 

Docking of TCMDC-143362 to SmSirt2-HM (Figure 2B) suggested that a similar binding mode 

of synthesized analogs to the parasitic enzyme would have been possible. However, the different 
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amino acid residue constitution of the selectivity pocket in SmSirt2 compared to human Sirt2 

(Ala106/Phe143, Arg203/Pro140, Glu168/Leu206) might be the main reason of the strongly 

reduced activity of the compounds on SmSirt2. The suggested binding mode could not be obtained 

in Sirt1 and Sirt3, since the Sirt2-specific protein conformation, needed to accommodate the ligand 

in the proposed orientation, could not be observed for the other isotypes.  

In vitro binding investigations  

Thermal Shift Assay 

We then proceeded by testing our compounds via differential scanning fluorimetry (DSF), also 

referred to as Thermal Shift Assay (TSA).74 As positive control we included SirReal2, which is 

reported as a potent Sirt2 deacetylase inhibitor in vitro and induced protein stabilization upon 

binding.74 Compounds were tested at 5 and 25 µM with Sirt2-apoenzyme or with Sirt2 in presence 

of NAD+. As illustrated for the representative cases 6, 16 at 25 µM in presence of NAD+ (Figure 

5, detailed measurements are reported in Table S3 of the Supporting Information), 1,2,4-

oxadiazole-based derivatives induced generally a protein stabilization upon binding to Sirt2, 

resulting in a positive shift of the melting temperature in presence of the ligand compared to the 

DMSO control (reference used for no ligand binding). Compound 6 did not exhibit stabilizing 

effect compared to the DMSO control (no significant thermal shift observed), which can be 

correlated with its low potency as Sirt2 inhibitor in vitro. 
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Figure 5. Thermal stability plots of Sirt2-NAD+ complex (DMSO) and in presence of the analogs 

6, 16 and SirReal2 as positive control. 

 

Fluorescence Polarization assay 

Furthermore, a fluorescence polarization (FP) binding assay was previously established in our 

group75 which allows the evaluation of ligand binding specifically to the “selectivity” pocket of 

Sirt2. In competition with a TAMRA SirReal-based derivative used as probe, we tested exemplary 

compounds of the series 6, 7, 11, 16 and SirReal2 at 25, 5 and 1 µM. As illustrated in Figure 6, 

all compounds displaced the fluorescent probe in a dose-dependent manner and consistently with 

their potency as Sirt2 inhibitors observed in the homogeneous fluorescence-based assay. 

According to the co-crystal structure of 16 (Figure 4), the aniline core 6 also binds to the selectivity 

pocket through the conserved 2-methyl3-fluorobenzyl moiety and is able to displace the probe at 

high concentration. The most potent compounds 11 and 16 exhibited more than 50% inhibition of 

probe binding at low concentration, similarly to SirReal2, whereas the inhibitor 7 displayed a 

weaker probe displacement. 
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Figure 6. Inhibition (%) of fluorescent probe binding to the selectivity pocket by analogs 6, 7, 11, 

16 and SirReal2 at 25, 5 and 1 µM. Values are presented as mean ± SD (N≥2). 

 

Kinetic analysis 

Recently we established a continuous set-up39 of the homogeneous fluorescence-based assay, 

which prompted us to conduct kinetic analysis of representative compounds 7, 9, 11, 16 to explore 

further the mechanism of binding and inhibition of our scaffold. A linear trend of the enzymatic 

progress curves was observed over time with decreasing rate at higher inhibitor concentration, 

which suggested a fast-on/fast-off steady-state binding mode for our compounds (plots can be 

found in Figure S6 of the Supporting Information). Then, we investigated the modality of 

inhibition for exemplary compounds, performing competition analysis against the substrate 

(ZMAL) and the cofactor (NAD+). By determining an increase of the apparent Michaelis-Menten 

constant values (KM) and a general conservation of the maximum velocity (vmax) at higher inhibitor 

concentration, we assigned a substrate-competitive binding mode (Figure 7A for compound 16, 

other analogs can be found in the Supporting Information Figure S7). On the other hand, 

considering the decrease of maximum velocity by raising the ligand concentration, our compounds 
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appeared partial non-competitive inhibitors towards the cofactor NAD+ (Figure 7B for compound 

16, other analogs can be found in the Supporting Information Figure S8). This result is consistent 

with the structural investigations (for 16) and in general docking studies, where the ligand 

protrudes towards the lysine channel without interfering with the NAD+ binding site. 

 

A 

 

B 

 

Figure 7. (A) Michaelis-Menten plots of Sirt2 and determination of kinetic parameters KM and 

vmax at various concentrations of compound 16, revealing a substrate competitive and (B) a 

cofactor non-competitive binding inhibition. Values reported as mean ± SD. 

 

Cellular investigations 

α-tubulin hyperacetylation 

Afterwards, we investigated the potential inhibition of Sirt2 deacetylation in a cellular 

environment. α-tubulin is a well-known substrate of Sirt2 deacetylation76 and the variation on the 

α-tubulin acetylation level can be used as an indirect readout for the cellular target engagement of 

Sirt2 deacetylase inhibitors. Metastatic prostate cancer (PC3MLuc) cells were treated with 

compounds 6, 7, 15, 16 and MorSirReal as positive control39 at 20 µM for 6 hours before 
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immunostaining and readout via immunofluorescence microscopy. In agreement with their 

potency observed in vitro as Sirt2 deacetylase inhibitors, α-tubulin acetylation levels for the 

submicromolar range inhibitors 7, 15 and 16 were higher compared to the weak inhibitor 6, 

suggesting the cellular inhibition of Sirt2 mediated deacetylation by the oxadiazoles. The positive 

control MorSirReal induced a more significant hyperacetylation of α-tubulin in respect to 

compounds 7, 15 and 16, which is also consistent with its higher potency in vitro and apparent 

better solubility (Figure 8 shows the DMSO control, the positive control MorSirReal and the 

inhibitors 6,7 and 16, detailed data can be found in the Supporting Information, Figure S9). 

         

   DMSO                  MorSirReal 

 

6 

 

7 

 

16 

Figure 8.  α-tubulin acetylation levels by immunofluorescence microscopy. PC-3M-luc cells were 

treated with Sirt2 inhibitors 6, 7, 16, MorSirReal 31 or DMSO at 20 µM for 6 hours before imaging. 

(n = 3) The images show acetylation levels of α-tubulin in red and the DAPI-stained nuclei in blue. 
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MTS assay 

We then investigated effects on cell viability, treating Hela cells with a selection of compounds 

(inhibitors 6, 7 and 16) at 25, 5 and 1 µM via MTS assay for 3 days at 37 °C (Figure 9A). In 

agreement with their potency against Sirt2 deacetylation in vitro, inhibitors 7 and 16 reduced cell 

viability in a dose dependent manner, whereas the weaker compound 6 showed only weak or no 

effects. 

 

Migration assay 

Lastly, metastatic prostate cancer (PC3MLuc) cells were treated with the inhibitor 16 and the 

negative control 6, together with MorSirReal as positive control39, at 20 and 10 µM for 3 days at 

37 °C, to investigate the effects of selected 1,2,4-oxadiazole hSirt2 inhibitors on cancer cell 

migration . Compound 16 inhibited cell migration in a similar manner to the positive control 

MorSirReal, while the weak inhibitor 6 did not show significant effects (Figure 9B). Thus, we 

conclude a correlation between the effects on cancer cell migration and the Sirt2 inhibition by 

1,2,4-oxadiazoles. 
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A 

 

B 

 

Figure 9. (A) Effects on viability (%) of Hela cells by selected analogs 6, 7, 16, tested at 25, 5 and 

1 µM via MTS assay with an incubation time of 3 days. Values reported as mean ± SD. (B) Cell 

migration (%) after treatment of PC3MLuc cells with compounds 6, 16 and MorSirReal 31 at 20 

and 10 µM. Values reported as mean ± SD. 

 

CONCLUSIONS: 

Based on docking studies of a previously identified 1,2,4-oxadiazole scaffold TCMDC-143362 to 

both human and Schistosoma mansoni Sirt2, a focused set of analogs was designed to potentially 

increase their target affinity and its inhibition. Inspired by the revisited “amidoxime route”72, 

derivatives were synthesized and afterwards evaluated in vitro via homogeneous 

fluorescence-based assays.71,73 Regardless the stereochemistry, all analogs are potent inhibitors of 

human Sirt2-mediated deacetylation in vitro with IC50 values in the very low or submicromolar 

range and a promising activity also against demyristoylation. The crystal structure of Sirt2 in 

complex with the most potent compound 16 elucidated the binding mode of the scaffold, 

characterized by a substrate competitive and NAD+ partially non-competitive mechanism of 

inhibition, as confirmed also via additional in vitro investigations. By inhibiting Sirt2 deacetylation 

also in cells, selected compounds reduced cell viability and inhibited cancer cell migration. The 

optimization of TCMDC-143362 led to a readily achievable potent scaffold against Sirt2 
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deacetylation, which contributes to expand the spectrum of small molecules targeting Sirt2 for 

therapeutic application, and to the design of additional tools, e.g. Proteolysis targeting chimeras 

(PROTACs) to further explore the role of this protein in cancer but also other diseases. 

 

EXPERIMENTAL SECTION 

General chemistry conditions. Reagents, starting materials and solvents were used without 

further purification of purchased forms. All reactions were monitored by Thin-layer 

chromatography (TLC) with Merck pre-coated silica gel 60 F
254 

plates and analyzed under UV 

light (254 nm). All compounds were purified via flash column chromatography, using a Biotage 

Isolera Prime/One system, applying specific gradients on 40–60 µm pre-packed silica gel columns 

from Biotage®, HP-spherical 50 µm pre-packed silica gel columns from Interchim (Jumbo Pack), 

Sfär Silica D 60 mm, Sfär KP amino D 50 mm or Sfär Silica HC D 20 µm pre-packed silica gel 

columns from Biotage®. The purity of all tested compounds was determined by HPLC, with an 

Agilent Technologies 1260 Infinity II system using diode array detector (DAD) UV detection 210 

nm, and it was equal or higher than 95 %. Following conditions were used: eluent A, water + 

0.05 % TFA; eluent B, acetonitrile + 0.05 % TFA; linear gradient conditions (0-29 min, linear 

increase from A = 100 % and B = 0 % to A = 0 % and B = 100 %; 29-31 min, B = 100 %; 31 min, 

decrease to B = 10 %; 31-40 min B = 10 %) with a flowrate of 1 mL/min; analytical column: 

Phenomenex Kinetex 5 μm XB-C18 100 Å, 250 mm X 4.6 mm. Enantiomers of compound 15 

were separated via chiral chromatography (Phenomenex Lux 5 μm Cellulose-1, 250 mm X 

10 mm) using following conditions: eluent A, n-hexane; eluent B, isopropanol; linear gradient 

conditions (0-90 min, linear increase from A = 10 % to B = 10.5 %). Compounds were 
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characterized via Low Resolution Mass Spectrometry (LRMS) with an Advion expression CMS 

using Atmospheric Pressure Chemical Ionization (APCI) as ion source on a Thermo Scientific 

Exactive mass spectrometer or via High Resolution Mass Spectrometry (HRMS) using 

electrospray ionization (ESI) as ion source on THERMO SCIENTIFIC Advantage. Proton (
1
H) 

and carbon (
13

C) spectra were recorded on BrukerAvance III HD spectrometer at 400 MHz and 

100 MHz respectively, using deuterated chloroform CDCl3 or deuterated dimethyl sulfoxide 

DMSO-d6. Chemical shifts δ are given in part per million (ppm) and peak assignment was 

supported by COSY experiments (abbreviations for multiplicities: s, singlet; d, doublet; t, triplet; 

q, quartet; m, multiplet). Coupling constant (J) are expressed in Hz. Peak assignments for 1H NMR 

were made via COSY experiments. Enantiomers of compound 15 were further characterized via 

circular dichroism, using a Jasco J 810 spectropolarimeter (Jasco, Pfungstadt, Germany) device, 

measuring the absorption and circular dichroism in a UV-vis range between 220-380 nm.  

Synthesis of ethyl2-(1-(3-fluoro-2-methylbenzyl)piperidin-3-yl)acetate (3). Ethyl2-(1-(3-fluoro-2-

methylbenzyl)piperidin-3-yl)acetate (3) was synthesized according to a published procedure77. 2-

(Piperidin-3-yl)aceticacidethylester (1.1 g, 6.5 mmol) was dissolved in toluene (2.7 mL), followed 

by the addition of Et3N (13.1 mmol, 1.8 mL) and 3-fluoro-2-methylbenzylbromide (1.3 g, 

6.4 mmol) at 0 °C. After 10 min, the mixture was warmed up and stirred at room temperature. 

After 18 h, the precipitate was removed by filtration, washed with cyclohexane (Cy), and the 

filtrate was concentrated. The product was dried using a vacuum pump for 3 h and and then 

purified by flash column chromatography on SiO
2 

gel with CH2Cl2/MeOH (9/1). Colorless oil; 

1.71 g, yield 91 %. Rf = 0.60 (10 % MeOH in CH2Cl2). 
1H NMR (400 MHz, DMSO-d6) δ [ppm]: 

7.17–7.12 (m,  1H, CH benzyl), 7.05–7.00 (m, 2H, CH benzyl), 3.99 (q, 3J(H,H) = 7.9 Hz, 2H, 

CH2CH3), 3.39 (s, 2H, CH2 benzyl), 2.68–2.55 (m, 2H, CH2CO2), 2.20 (s, 3H, CH3 benzyl), 2.25–
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2.14 (m, 2H, CH2CH2CH2 piperidine), 2.04–1.97 (m, 1H, NCH2CH piperidine), 1.93–1.83 (m, 1H, 

CH, piperidine), 1.81–1.74 (m, 1H, NCH2CH piperidine), 1.66–1.60 (m, 1H, NCH2CH2 

piperidine), 1.60–1.53 (m, 1H, NCH2CH2 piperidine), 1.46–1.35 (m, 1H, CHCH2CH2 piperidine), 

1.04–0.92 (m, 1H, CHCH2CH2 piperidine).13C NMR (101 MHz, DMSO-d6) δ [ppm]: 171.9 (CO), 

160.8 (d, 1J(C,F) = 243.4 Hz, CF benzyl), 

139.5 (d, 3J(C,F) = 5.6 Hz, CHmeta benzyl), 126.4 (d, 3J(C,F) = 9.1 Hz, CCH2 benzyl), 125.4 (d, 4J

(C,F) = 2.8 Hz CHpara benzyl), 123.7 (d, 2J(C,F) = 16.0 Hz, CHortho benzyl), 113.5 

(d, 2J(C,F) = 23.3 Hz, CH3C benzyl), 60.3 (CH2CH3), 59.7 (NCH2 benzyl), 58.6 (NCH2 

piperidine), 53.6 (NCH2 piperidine), 38.2 (CH2CO2), 32.8 (CH2, piperidine), 29.9 (CH2, 

piperidine), 24.4 (CH piperidine), 14.1 (CH2CH3), 10.0 (d, 3J(C,F) = 6.0 Hz, CH3). 
19

F NMR 

(376 MHz, DMSO-d6) δ [ppm]: -117.8 (m, CF). LRMS (APCI): m/z calcd. for C17H24FNO2+ H+ 

[M+H]+ 294.3, found 294.3. 

Synthesis of tert-butyl(4-(N'-hydroxycarbamimidoyl)phenyl]carbamate (5). To a stirred 

suspension of tert-butyl(4-cyanophenyl)carbamate (499.3 mg, 2.3 mmol) and NH2OH·HCl 

(246.6 mg, 3.4 mmol) in EtOH (25 mL) NaHCO3 (351.7 mg, 3.45 mmol) was added. The reaction 

mixture was stirred under reflux for 6 h. Afterwards it was concentrated under reduced pressure 

and the residue was diluted with cold water (10 mL). The resulting precipitate was filtered off and 

washed with cold water (70 mL). The crude was then purified by flash chromatography on SiO2 

gel with CH2Cl2/MeOH (9/1) to afford 5. White solid; 0.397 g, yield 69 %. Rf = 0.52 (10 % MeOH 

in CH2Cl2). 
1H NMR (400 MHz, DMSO-d6) δ [ppm]: 9.59 (s, 1H, NH carbamate), 9.52 (s, 1H, 

OH), 7.55 (m(AA’BB’), 2H, CH phenyl), 7.43 ((m(AA’BB’), 2H, CH phenyl), 5.71 (s, 2H, NH2), 

1.57 (s, 9H, C(CH3)3). 
13C NMR (101 MHz, DMSO-d6) δ [ppm]: 152.7 (C amidoxime), 150.5 (CO 

carbamate), 140.1 (CCNH2 phenyl), 127.0 (2C, CH phenyl), 125.8 (2C, CH benzyl), 117.4 (CNH 
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benzyl), 79.2 (OC(CH3)3), 28.1 (OC(CH3)3). LRMS (APCI): m/z calcd. for C12H17N3O3 + H+ 

[M+H]+ 252.2, found 252.1. 

Synthesis of N-tert-butyl(4-(5-((1-(3-fluoro-2-methylbenzyl)piperidin-3-yl)methyl)-1,2,4-

oxadiazol-3-yl)phenyl)carbamate (6a). To a solution of ethyl2-(1-(3-fluoro-2-

methylbenzyl)piperidin-3-yl)acetate 3 (1.7 g, 5.8 mmol) and tert-butyl(4-(N'-

hydroxycarbamimidoyl)phenyl]carbamate 5 (0.9 g, 3.9 mmol) in DMSO (3.9 mL) powdered 

NaOH (0.3 g, 6.3 mmol) was rapidly added. The reaction mixture was stirred at room temperature 

for 4 h. The reaction mixture was diluted with cold water (10 mL). The aqueous phase was 

extracted with Cy (5x 6 mL). The organic fractions were dried with Na₂SO₄ and concentrated under 

reduced pressure. The crude was then purified by flash chromatography on SiO2 gel with 

CH2Cl2/MeOH (9/1), yielding the intermediate 6a.  Colourless oil; 0.49 g, yield 54 %. Rf = 0.65 

(10 % MeOH in CH2Cl2). 
1H NMR (400 MHz, DMSO-d6) δ [ppm]: 9.72 (s, 1H, NH carbamate), 

7.83 ((m(AA’BB’), 2H, CH anilide), 7.62 ((m(AA’BB’), 2H, CH anilide), 7.15–6.98 (m, 3H, CH 

benzyl), 3.42 (s, 2H, CH2 benzyl), 2.98–2.86 (m, 2H, CH2CH2CH2 piperidine), 2.77–2.72 (m, 1H, 

CH2CO), 2.60–2.55 (m, 1H, CH2CO), 2.21 (s, 3H, CH3 benzyl), 2.10–2.03 (m, 2H, NCH2CH2 

piperidine), 1.96–1.89 (m, 1H, CH piperidine), 1.71–1.58 (m, 2H, NCH2CH piperidine), 1.49 (s, 

9H, C(CH3)3), 1.48–1.46 (m, 1H, CH2CH2CH piperidine), 1.18–1.08 (m, 1H, CH2CH2CH 

piperidine). 13C NMR (101 MHz, DMSO-d6) δ [ppm]: 178.9 (CO), 167.2 (OCN oxadiazole), 160.7 

(d, 1J(C,F) = 241.9 Hz, CF benzyl), 152.6 (NCN oxadiazole), 142.4 (CNH anilide), 139.4 

(d, 3J(C,F) = 4.1 Hz, CHmeta benzyl), 127.7 (2C, CH anilide), 126.3 (d, 3J(C,F) = 9.1 Hz, CCH2 

benzyl), 125.4 (d, 4J(C,F) = 2.6 Hz, CHpara benzyl), 123.6 (d, 2J(C,F) = 15.9 Hz, CHortho benzyl), 

119.6 (CC anilide), 118.1 (2C, CH anilide), 113.6 (d, 2J(C,F) = 23.1 Hz, CH3C benzyl), 79.6 

(C(CH3)3), 60.1 (NCH2 benzyl), 58.3 (NCH2 piperidine), 53.4 (NCH2 piperidine), 34.1 (CH2CO), 
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29.9 (NCH2 piperidine), 29.6 (CH2, piperidine), 28.1, ((CH3)3), 26.3 (CH piperidine), 10.0 

(d, 3J(C,F) = 5.1 Hz, CH3). LRMS (APCI): m/z calcd. for C27H33FN4O3 + H+ [M+H]+ 481.5, found 

481.1. 

Synthesis of (4-(5-((1-(3-fluoro-2-methylbenzyl)piperidin-3-yl)methyl)-1,2,4-oxadiazol-3-

yl)phenyl)aniline (6). To a stirred solution of N-tert-butyl(4-(5-((1-(3-fluoro-2-

methylbenzyl)piperidin-3-yl)methyl)-1,2,4-oxadiazol-3-yl) phenyl)carbamate (0.32 g, 0.7 mmol) 

in CH2Cl2 (1.8 mL) was added trifluoroaceticacid (0.3 g, 3.1 mmol, 0.4 mL) at 0 °C and stirred for 

2 h at 25 °C. After completion of the reaction the mixture was neutralized with NaHCO3 saturated 

solution, the product was extracted with AcOEt (3x6 mL) and the organic fractions concentrated 

under reduced pressure. The crude was then purified by flash chromatography on SiO2 gel with 

CH2Cl2/MeOH (9/1) to obtain 6. Yellow oil; 0.32 g, yield 90 %. Rf = 0.48 (10 % MeOH in 

CH2Cl2). 
1H NMR (400 MHz, DMSO-d6) δ [ppm]: 7.60 ((m(AA’BB’), 2H, CH anilide), 7.12–

7.01 (m, 3H, CH benzyl), 6.63 ((m(AA’BB’), 2H, CH anilide), 5.75 (s, 2H, NH2 aniline), 3.42 (s, 

2H, CH2 benzyl), 2.97–2.83 (m, 2H, CH2CH2CH2 piperidine), 2.79–2.71 (m, 1H, CH2CO), 2.67–

2.56 (m, 1H, CH2CO), 2.21 (s, 3H, CH3 benzyl), 2.11–2.02 (m, 2H, NCH2CH2 piperidine), 1.95–

1.86 (m, 1H, CH piperidine), 1.75–1.55 (m, 2H, NCH2CH piperidine), 1.50–1.38 (m, 1H, 

CH2CH2CH piperidine), 1.14–1.08 (m, 1H, CH2CH2CH piperidine). 13C NMR (101 MHz, DMSO-

d6) δ [ppm]: 167.7 (OCN oxadiazole), 160.7 (d, 1J(C,F) = 241.4 Hz, CF benzyl), 151.7 (NCN 

oxadiazole), 139.4 (d, 3J(C,F) = 3.1 Hz, CHmeta benzyl), 128.3 (2C, CH anilide), 126.3 

(d, 3J(C,F) = 9.1 Hz, CCH2 benzyl), 125.4 (d, 4J(C,F) = 2.4 Hz, CHpara benzyl), 123.7 

(d, 2J(C,F) = 16.2 Hz, CHortho benzyl), 113.5 (CNH2 anilide), 113.5 (d, 2J(C,F) = 23.7 Hz, CH3C 

benzyl), 113.5 (2C, CH anilide), 112.7 (CC anilide), 60.1 (NCH2 benzyl), 58.4 (NCH2 piperidine), 

53.4 (NCH2 piperidine), 34.1 (CH2CO), 29.9 (CH2, piperidine), 29.7 (CH2, piperidine), 24.3 (CH, 
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piperidine), 10.0 (d, 3J(C,F) = 5.1 Hz, CH3). 
19

F NMR (376 MHz, DMSO-d6) δ [ppm]: -117.7 (m, 

CF). LRMS (APCI): m/z calcd. for C22H25FN4O + H+ [M+H]+ 381.4, found 381.1. 

Synthesis of 1-(benzyl or phenyl)-3-(4-(5-((1-(3-fluoro-2-methylbenzyl)piperidin-3-yl)methyl)-

1,2,4-oxadiazol-3-yl)phenyl)thioureas (7-8). To a solution of isothiocyanate (1.0 equiv.) in t-

BuOH (2.2 mL), (4-(5-((1-(3-fluoro-2-methylbenzyl) piperidin-3-yl)methyl)-1,2,4-oxadiazol-3-

yl)phenyl)aniline 6 (1.2 equiv.) was added. The mixture was stirred under refluxed for 4 h. The 

reaction mixture was concentrated under reduced pressure, then CH2Cl2 (10 mL) was added and 

the organic phase was washed with HCl (aq. 5 %, 3 × 10 mL), dried with anhydrous Na₂SO₄and 

evaporated under reduced pressure. 

Synthesis of 1-benzyl-3-(4-(5-((1-(3-fluoro-2-methylbenzyl)piperidin-3-yl)methyl)-1,2,4-

oxadiazol-3-yl)phenyl)thiourea (7). The crude was purified by flash chromatography on SiO2 gel 

with CH2Cl2/MeOH (92/8) yielding 7. White crystalline solid, 70 mg, yield 71 %. Rf =0.52 (10 % 

MeOH in CH2Cl2). 
1H NMR (400 MHz, DMSO-d6) δ [ppm]: 9.95 (s, 1H, NH urea), 8.45 (s, 1H, 

NH urea), 7.88 ((m(AA’BB’), CH anilide), 7.71 ((m(AA’BB’), CH anilide), 7.36–7.35 (m, 4H, 

CH benzyl), 7.29–7.25 (m, 1H, CH benzyl), 7.15–6.98 (m, 3H, CH fluoro-benzyl), 4.76–4.75 (d, 

2H, CH2NH benzyl), 3.42 (s, 2H, CH2 benzyl), 3.00–2.88 (m, 2H, CH2CH2CH2 piperidine), 2.76–

2.74 (m, 1H, CH2CO), ), 2.62–2.55 (m, 1H, CH2CO), 2.22 (s, 3H, CH3 benzyl), 2.09–2.05 (m, 2H, 

NCH2CH2 piperidine), 1.95–1.90 (m, 1H, CH piperidine), 1.72–1.59 (m, 2H, NCH2CH 

piperidine), 1.49–1.41 (m, 1H, CH2CH2CH piperidine), 1.17–1.09 (m, 1H, CH2CH2CH 

piperidine). 13C NMR (101 MHz, DMSO-d6) δ [ppm]: 180.5 (CS), 179.1 (NCN oxadiazole) 167.1 

(OCN oxadiazole), 160.7 (d, 1J(C,F) = 241.3 Hz, CF benzyl), 142.4 (CNH anilide), 139.4 

(d, 3J(C,F) = 5.1 Hz, CHmeta benzyl), 138.7 (CCH2 benzyl), 128.3 (2C, CH benzyl), 127.5 (2C, CH 

anilide), 127.4 (2C, CH anilide), 127.0 (2C, CH benzyl), 126.3 (d, 3J(C,F) = 9.1 Hz, CCH2 benzyl), 
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125.4 (d, 4J(C,F) = 3.0 Hz, CHpara benzyl), 123.7 (d, 2J(C,F) = 16.1 Hz, CHortho benzyl), 122.3 (CC 

anilide), 121.1 (CH benzyl), 113.6 (CC benzyl), 113.3 (d, 2J(C,F) = 23.2 Hz, CH3C benzyl), 60.1 

(NCH2 benzyl), 58.3 (NCH2 piperidine) 53.4 (NCH2 piperidine), 47.1 (NHCH2), 34.1 (COCH2), 

29.9 (CH2 piperidine), 29.7 (CH2 piperidine), 24.1 (CH piperidine), 10.0 (d, 3J(C,F) = 5.0 Hz, 

CH3). HRMS (ESI): m/z calcd. for C30H32FN5OS + H+ [M+H]+ 530.68, found 530.24. HPLC 

analysis: retention time = 16.735 min; peak area, 99 %. 

Synthesis of 1-(4-(5-((1-(3-fluoro-2-methylbenzyl)piperidin-3-yl)methyl)-1,2,4-oxadiazol-3-yl) 

phenyl)-3-phenylthiourea (8). The crude was then purified by flash chromatography on SiO2 gel 

with CH2Cl2/MeOH (0-10 %), to afford 8. White crystalline solid; 70 mg, yield 44 %. Rf = 0.52 

(10 % MeOH in CH2Cl2). 
1H NMR (400 MHz, DMSO-d6) δ [ppm]: 10.08 (s, 1H, NH thiourea), 

10.01 (s, 1H, NH thiourea), 7.90 ((m(AA’BB’), 2H, CH anilide), 7.72 ((m(AA’BB’), 2H, CH 

anilide), 7.49 (m, 2H, CH phenylthiourea), 7.36 (m, 2H, CH phenylthiourea), 7.20 – 6.96 (m, 3H, 

CH benzyl, 1H CH phenylthiourea), 3.53–3.47 (m, 2H, CH2 benzyl), 3.03–2.87 (m, 2H, 

CH2CH2CH2 piperidine), 2.81–2.71 (m, 1H, CH2CO), 2.64–2.54 (m, 1H, CH2CO), 2.22 (s, 3H, 

CH3 benzyl), 2.09 (m, 2H, NCH2CH2 piperidine) 1.95 (m, 1H, CH piperidine), 1.75–1.58 (m, 2H, 

NCH2CH piperidine), 1.52–1.40 (m, 1H, CH2CH2CH piperidine), 1.15–1.08 (m, 1H, CH2CH2CH 

piperidine). 13C NMR (101 MHz, DMSO) δ [ppm]: 179.5 (CS), 179.2 (OCN oxadiazole), 170.5 

(NCN oxadiazole), 159.6 (d, 1J(C,F) = 241.3 Hz, CF benzyl), 142.5 (CN phenyl), 139.5 

(d, 3J(C,F) = 5.1 Hz, CHmeta benzyl), 139.3 (CN anilide), 128.6 (CH anilide), 127.3 (CH phenyl), 

126.3 (d, 3J(C,F) = 9.0 Hz, CCH2 benzyl), 125.5 (d, 4J(C,F) = 3.0 Hz, CHpara benzyl), 124.8 

(d, 2J(C,F) = 16.1 Hz, CHortho benzyl), 123.8 (CH anilide), 123.1 (CH phenyl), 121.5 (CH phenyl), 

113.6 (d, 2J(C,F) = 23.2 Hz, CH3C benzyl), 60.2 (NCH2 benzyl), 58.3 (NCH2 piperidine), 53.5 

(NCH2 piperidine), 34.1 (COCH2 piperidine), 29.9 (CH2 piperidine), 28.6 (CH2 piperidine), 24.2 
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(CH piperidine), 10.0 (d, 3J(C,F) = 5.63, CH3). HRMS (ESI): m/z calcd. for C29H30FN5OS + H+ 

[M+H]+ 516.22, found 516.22. HPLC analysis: retention time = 16.704 min; peak area, 95 %. 

Synthesis of 1-(4-(5-((1-(3-fluoro-2-methylbenzyl) piperidin-3-yl) methyl)-1,2,4-oxadiazol-3-yl) 

phenyl)-3-(phenyl or benzyl) ureas (9-11). 1 Equivalent of 

(4-(5-((1-(3-fluoro-2-methylbenzyl)piperidin-3-yl)methyl)-1,2,4-oxadiazol-3-yl)phenyl) aniline 6 

was dissolved in CH2Cl2 (1.3 mL). 1.2 Equivalent of the corresponding isocyanate was slowly 

added via syringe to the stirred solution. The reaction mixture was stirred at room temperature for 

4 h and afterwards the solvent was evaporated. 

Synthesis of 1-[4-(5-((1-(3-fluoro-2-methylbenzyl)piperidin-3-yl)methyl)-1,2,4-oxadiazol-3-yl) 

phenyl]-3-(benzyl)urea (9). The crude was purified by flash chromatography on SiO2 gel with 

CH2Cl2/MeOH (9/1) to afford 9. White crystalline solid; 80 mg, yield 54 %. Rf = 0.40 (10 % 

MeOH in CH2Cl2). 
1H NMR (400 MHz, DMSO-d6) δ[ppm]: 8.95 (s, 1H, NH urea), 7.81 

((m(AA’BB’), 2H, CH anilide), 7.59 ((m(AA’BB’), 2H, CH anilide), 7.36–7.29 (m, 4H, CH 

benzyl), 7.27–7.22 (m, 1H, CH benzyl), 7.15–6.98 (m, 3H, CH fluoro-benzyl), 6.76 

(t, 3J(H,H) = 7.9 Hz, 1H, NH urea), 4.32 (d, 3J(H,H) = 7.9 Hz, 2H, NCH2 benzyl), 3.41 (s, 2H, CH2 

benzyl), 2.98–2.86 (m, 2H, CH2CH2CH2 piperidine), 2.76–2.73 (m, 1H, CH2CO), 2.60–2.54 (m, 

1H, CH2CO), 2.21 (s, 3H, CH3 benzyl), 2.08–2.03 (m, 2H, NCH2CH2 piperidine), 1.94–1.89 (m, 

1H, CH piperidine), 1.71–1.59 (m, 2H, NCH2CH piperidine), 1.49-1.40 (m, 1H, CH2CH2CH 

piperidine), 1.17- 1.08. (m, 1H, CH2CH2CH piperidine). 13C NMR (101 MHz, DMSO-d6) δ [ppm]: 

178.8 (CO), 167.2 (OCN oxadiazole), 160.7 (d, 1J(C,F) = 244.4 Hz, CF fluoro-benzyl), 154.9 

(NCN oxadiazole), 143.4 (CNH anilide), 140.1 (CCH2 benzyl), 139.4 (d, 3J(C,F) = 3.9 Hz, CHmeta 

benzyl), 128.3 (2C, CH benzyl), 127.8 (2C, CH anilide), 127.1 (2C, CH benzyl), 126.8 (CH 

benzyl), 126.3 (d, 3J(C,F) = 8.8 Hz, CCH2 benzyl), 125.4 (d, 4J(C,F) = 2.4 Hz, CHpara benzyl), 
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123.7 (d, 2J(C,F) = 16.0 Hz, CHortho benzyl), 118.5 (CC anilide), 117.5 (2C, CH anilide), 113.5 

(d, 2J(C,F) = 23.1 Hz, CH3C benzyl), 60.1 (NCH2 benzyl), 58.3 (NCH2 piperidine) 53.4 (NCH2 

piperidine), 42.7 (NCH2 benzyl), 34.1 (CH2CO), 29.9 (CH2, piperidine), 29.7 (CH2, piperidine), 

24.1 (CH piperidine), 10.0 (d, 3J(C,F) = 6.0 Hz, CH3). 
19

F NMR (376 MHz, DMSO-d6) δ [ppm]: -

117.7 (m, CF). HRMS (ESI): m/z calcd. for C30H32FN5O2 + H+ [M+H]+  514.25, found 514.26. 

HPLC analysis: retention time = 15.805 min; peak area, 96 %. 

Synthesis of 1-[4-(5-((1-(3-fluoro-2-methylbenzyl)piperidin-3-yl)methyl)-1,2,4-oxadiazol-3-yl) 

phenyl]-3-[(4-methoxy)phenyl]urea (10). The crude was purified by flash chromatography on 

SiO2 gel with CH2Cl2/MeOH (95/5), to obtain the urea (10). White crystalline solid, 106 mg, yield 

78 %. Rf = 0.44 (10 % MeOH in CH2Cl2). 
1H NMR (400 MHz, DMSO-d6) δ [ppm]: 8.96 (s, 1H, 

NH, urea), 8.60 (s, 1H, NH, urea), 7.86 ((m(AA’BB’), 2H, CH anilide), 7.62 ((m(AA’BB’), 2H, 

CH anilide), 7.38 ((m(AA’XX’), 2H, CH 4-OMe-anilide), 7.17–6.99 (m, 3H, CH benzyl), 6.88 

((m(AA’XX’), 2H, CH 4-OMe-anilide), 3.72 (s, 3H, OCH3), 3.42 (s, 2H, CH2 benzyl), 3.00– 2.88 

(m, 2H, CH2CH2CH2 piperidine), 2.77–2.75 (m, 1H, CH2CO), 2.65–2.56 (m, 1H, CH2CO), 2.22 

(s, 3H, CH3 benzyl), 2.13–2.04 (m, 2H, NCH2CH2 piperidine), 1.97–1.91 (m, 1H, CH piperidine), 

1.74–1.59 (m, 2H, NCH2CH piperidine), 1.51–1.41 (m, 1H, CH2CH2CH piperidine), 1.19–1.11. 

(m, 1H, CH2CH2CH piperidine). 13C NMR (101 MHz, DMSO-d6) δ [ppm]: 178.9 (CO), 167.2 

(OCN oxadiazole), 159.5 (d, 1J(C,F) = 209.0 Hz, CF benzyl), 152.5 (NCN oxadiazole), 142.9 

(CNH anilide), 139.4 (d, 3J(C,F) = 3.9 Hz, CHmeta benzyl), 132.4 (COCH3 4-OMe-anilide), 127.8 

(2C, CH anilide), 126.3 (d, 3J(C,F) = 9.0 Hz, CCH2 benzyl), 125.4 (d, 4J (C,F) = 2.4 Hz, CHpara 

benzyl), 123.5 (d, 2J(C,F) = 16.0 Hz, CHortho benzyl), 120.2 (2C, CH 4-OMe-anilide), 119.0 (CC 

anilide), 118.1 (CNH 4-OMe-anilide), 117.9 (2C, CH anilide), 114.0 (2C, CH 4-OMe-anilide), 

113.6 (d, 2J(C,F) = 23.5 Hz, CH3C benzyl), 60.2 (NCH2 benzyl), 55.2 (NCH2 piperidine), 53.4 
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(NCH2 piperidine), 48.6 (OCH3), 34.1 (COCH2), 30.0 (CH2 piperidine), 29.6 (CH2 piperidine), 

24.8 (CH piperidine), 10.0 (d, 3J(C,F) = 5.0 Hz, CH3). 
19

F NMR (376 MHz, DMSO-d6) δ [ppm]: -

117.7 (m, CF). LRMS (APCI): m/z calcd. for C22H25FN4O + H+ [M+H]+ 529.6, found 529.8. 

HPLC analysis: retention time = 15.723 min; peak area, 100 %. 

Synthesis of 1-(4-(5-((1-(3-fluoro-2-methylbenzyl)piperidin-3-yl)methyl)-1,2,4-oxadiazol-3-yl) 

phenyl)-3-phenylurea (11). The crude was then purified by flash chromatography on SiO2 gel with 

CH2Cl2/MeOH (96/4), leading to 11. White crystalline solid, 76 mg, yield 59 %. Rf = 0.34 (10 % 

MeOH in CH2Cl2). 
1H NMR (400 MHz, DMSO-d6) δ [ppm]: 9.07 (s, 1H, NH urea), 8.82 (s, 1H, 

NH urea), 7.86 ((m(AA’BB’), 2H, CH anilide), 7.62 ((m(AA’BB’), 2H, CH anilide), 7.47 (m, 2H, 

CH phenyl), 7.29 (m, 2H, phenyl), 7.17–7.10 (m, 1H, phenyl), 7.08–6.98 (m, 3H, CH benzyl), 3.42 

(s, 2H, CH2 benzyl), 3.00–2.87 (m, 2H, CH2CH2CH2 piperidine), 2.76–2.74 (m, 1H, CH2CO), 

2.63–2.56 (m, 1H, CH2CO), 2.22 (s, 3H, CH3 benzyl), 2.11–2.05 (m, 2H, NCH2CH2 piperidine), 

1.98–1.89 (m, 1H, CH piperidine), 1.73–1.58 (m, 2H, NCH2CH piperidine), 1.52–1.39 (m, 1H, 

CH2CH2CH piperidine), 1.20–1.07 (m, 1H, CH2CH2CH piperidine). 13C NMR (101 MHz, DMSO-

d6) δ [ppm]: 179.2 (CO), 167.6 (OCN oxadiazole), 161.13 (d, 1J(C,F) = 242.4 Hz, CF benzyl), 

152.7 (NCN oxadiazole), 143.1 (CNH anilide), 139.8 (d, 3J(C,F) = 5.0 Hz, CHmeta benzyl), 129.2 

(2C, CH phenyl), 128.2 (2C, CH anilide), 126.7 (d, 3J(C,F) = 9.0 Hz, CCH2 benzyl), 125.8 

(d, 4J(C,F) = 3.0 Hz, CHpara benzyl), 124.1 (d, 2J(C,F) = 16.1 Hz, CHortho benzyl), 122.4 (CH 

phenyl), 119.6 (2 C, CNH phenyl and CC anilide), 118.7 (2C, CH phenyl), 118.4 (2C, CH anilide), 

113.8 (d, 2J(C,F) = 23.2 Hz, CH3C benzyl), 60.5 (NCH2 benzyl), 58.7 (NCH2 piperidine), 53.8 

(NCH2 piperidine), 34.5 (COCH2), 30.3 (CH2 piperidine), 30.1 (CH2 piperidine), 24.5 (CH 

piperidine), 10.4 (d, 3J(C,F) = 5.1 Hz, CH3). 
19

F NMR (376 MHz, DMSO-d6) δ [ppm]: -117.7 (m, 
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CF). HRMS (ESI): m/z calcd. for C29H30FN5O2 + H+ [M+H]+ 500.24, found 500.24. HPLC 

analysis: retention time = 16.240 min; peak area, 99 %. 

Synthesis of N-(4-(5-((1-(3-fluoro-2-methylbenzyl) piperidin-3-yl)methyl)-1,2,4-oxadiazol-3-

yl)phenyl)-2-(4 or 3-X-phenyl) acylamides or benzamides (12-17). A solution of the 

corresponding acyl chloride (1.0 equiv.) in CH2Cl2 (1.1 mL) was added dropwise to a well-stirred 

mixture of (4-(5-((1-(3-fluoro-2-methylbenzyl)piperidin-3-yl)methyl)-1,2,4-oxadiazol-3-

yl)phenyl)aniline 6 (1.0 equiv.) in CH2Cl2 (1.1 mL) and 1.1 mL of Na2CO3 aq. so (10 %). The 

mixture was stirred for 4-6 hours at room temperature. The organic phase was separated and 

extracted with brine (3x1.1 mL), dried over MgSO4, filtered and the solvent evaporated under 

reduced pressure. 

Synthesis of N-(4-(5-((1-(3-fluoro-2-methylbenzyl)piperidin-3-yl)methyl)-1,2,4-oxadiazol-3-yl) 

phenyl)-2-(4-methoxyphenyl)acetamide (12). The crude was purified by flash chromatography on 

SiO2 gel with CH2Cl2/MeOH (95/5), to afford 12. White crystalline solid; 78 mg, yield 60 %. Rf = 

0.54 (10 % MeOH in CH2Cl2). 
1H NMR (400 MHz, DMSO-d6) δ [ppm]: 10.41 (s, 1H, NH, amide), 

7.89–7.87 ((m(AA’BB’), 2H, CH anilide), 7.78–7.76 ((m(AA’BB’), 2H, CH anilide), 7.27–7.25 

((m(AA’XX’), 2H, CH benzyl), 7.15–7.09 (m, 1H, CH fluoro-benzyl), 7.06–6.97 (m, 2H, CH 

fluoro-benzyl), 6.90–6.88 ((m(AA’XX’), 2H, CH benzyl), 3.73 (s, 3H, OCH3), 3.60 (s, 2H, 

COCH2), 3.41 (s, 2H, CH2 benzyl), 2.99–2.86 (m, 2H, CH2CH2CH2 piperidine), 2.75–2.73 (m, 1H, 

CH2CO), 2.59–2.54 (m, 1H, CH2CO), 2.21 (s, 3H, CH3 benzyl), 2.08–2.07 (m, 2H, NCH2CH2 

piperidine), 1.94–1.91 (m, 1H, CH piperidine), 1.71–1.60 (m, 2H, NCH2CH piperidine), 1.49–1.39 

(m, 1H, CH2CH2CH piperidine), 1.16–1.09 (m, 1H, CH2CH2CH piperidine). 13C NMR (101 MHz, 

DMSO-d6) δ [ppm]: 179.0 (CO), 169.9 (COCH3 benzyl), 167.1 (OCN oxadiazole), 160.7 

(d, 1J(C,F) = 242.4 Hz, CF benzyl), 158.0 (NCN oxadiazole), 142.0 (CNH anilide), 139.4 
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(d, 3J(C,F) = 4.0 Hz, CHmeta benzyl), 130.1 (2C, CH benzyl), 127.7 (2C, CH anilide), 127.6 (CCH2 

benzyl), 126.3 (d, 3J(C,F) = 9.0 Hz, CCH2 benzyl), 125.4 (d, 4J(C,F) = 2.0 Hz, CHpara benzyl), 

123.7 (d, 2J(C,F) = 16.1 Hz, CHortho benzyl), 120.7 (CC anilide), 119.1 (2C, CH anilide), 113.7 

(2C, CH benzyl), 113.4 (d, 2J(C,F) = 22.2 Hz, CH3C benzyl), 60.1 (NCH2 benzyl), 58.3 (NCH2 

piperidine), 55.0 (OCH3), 53.4 (NCH2 piperidine), 42.5 (COCH2 benzyl), 34.0 (COCH2), 29.8 

(CH2 piperidine), 29.7 (CH2 piperidine), 24.1 (CH piperidine), 10.0 (d, 3J(C,F) = 6.0 Hz, CH3). 

19
F NMR (376 MHz, DMSO-d6) δ [ppm]: 117.7 (m, CF). HRMS (ESI): m/z calcd. for 

C31H33FN4O3 + H+ [M+H]+ 529.63, found 529.26. HPLC analysis: retention time = 16.093 min; 

peak area, 98 %. 

Synthesis of N-(4-(5-((1-(3-fluoro-2-methylbenzyl)piperidin-3-yl)methyl)-1,2,4-oxadiazol-3-yl) 

phenyl)-4-methoxybenzamide (13). The crude was purified by flash chromatography on SiO2 gel 

with Cy/ AcOEt (1/1) to afford 13. White crystalline solid; 48 mg, yield 48 %. Rf = 0.51 (50 % 

AcOEt in Cy). 1H NMR (400 MHz, DMSO-d6) δ [ppm]: 10.39 (s, 1H, NH amide), 8.00 

((m(AA’XX’), 2H, CH benzamide), 7.99 ((m(AA’BB’), 2H, CH anilide), 7.93 ((m(AA’BB’), 2H, 

CH anilide,), 7.19–6.98 (m, 3H, CH benzyl), 7.09 ((m(AA’XX’), 2H, CH benzamide), 3.86 (s, 3H, 

OCH3), 3.43 (s, 2H, CH2 benzyl), 3.01–2.89 (m, 2H, CH2CH2CH2 piperidine), 2.79–2.75 (m, 1H, 

CH2CO), 2.64–2.58 (m, 1H, CH2CO), 2.23 (s, 3H, CH3 benzyl), 2.13–2.07 (m, 2H, NCH2CH2 

piperidine), 1.97–1.91 (m, 1H, CH piperidine), 1.75–1.61 (m, 2H, NCH2CH piperidine), 1.52–1.42 

(m, 1H, CH2CH2CH piperidine), 1.20–1.11(m, 1H, CH2CH2CH piperidine). 13C NMR (101 MHz, 

DMSO-d6) δ [ppm]: 179.4 (CO), 167.5 (OCN oxadiazole), 165.5 (NCN oxadiazole), 162.5 

(COCH3 phenyl), 161.1 (d, 1J(C,F) = 242.4 Hz, CF benzyl), 142.6 (CNH anilide), 139.8 

(d, 3J(C,F) = 4.0 Hz, CHmeta benzyl), 130.1 (2C, CH benzamide), 127.9 (2C, CH anilide), 127.0 

(CCO, benzamide), 126.7 (d, 3J(C,F) = 9.0 Hz, CCH2 benzyl), 125.8 (d, 4J(C,F) = 3.0 Hz, CHpara 
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benzyl), 124.1 (d, 2J(C,F) = 16.1 Hz, CHortho benzyl), 121.2 (CC anilide), 120.6 (2C, CH anilide), 

114.0 (2C, CH benzamide), 113.8 (d, 2J(C,F) = 24.2 Hz, CH3C benzyl), 60.5 (NCH2 benzyl), 58.7 

(NCH2 piperidine), 55.8 (OCH3), 53.8 (NCH2, piperidine), 34.5 (COCH2), 30.3 (CH2 piperidine), 

30.1 (CH2 piperidine), 24.5 (CH piperidine), 10.4 (d, 3J(C,F) = 5.0 Hz, CH3). 
19

F NMR (376 MHz, 

DMSO-d6) δ [ppm]: -117.7 (m, CF). LRMS (APCI): m/z calcd. for C30H31FN4O3 + H+ [M+H]+ 

514.6, found 514.1. HPLC analysis: retention time = 16.125 min; peak area, 97 %. 

Synthesis of 4N-(4-(5-((1-(3-fluoro-2-methylbenzyl)piperidin-3-yl)methyl)-1,2,4-oxadiazol-3-yl) 

phenyl)-3-methoxybenzamide (14). The crude was purified by flash chromatography on SiO2 gel 

with Cy / AcOEt (1/1) to obtain 14. Yellow oil; 61 mg, yield 90 %. Rf = 0.16 (50 % AcOEt in Cy). 

1H NMR (400 MHz, DMSO-d6) δ [ppm]: 10.51 (s, 1H, NH amide), 7.99 ((m(AA’BB’), 2H, CH 

anilide), 7.95 ((m(AA’BB’), CH anilide), 7.57 (m, 1H, CH benzamide), 7.52 (m, 1H, CH 

benzamide), 7.48 (m, 1H, CH benzamide), 7.20 (m, 1H, CH benzamide), 7.15-7.00 (m, 3H, CH 

benzyl), 3.86 (s, 3H, CH3 methoxy), 3.44 (s, 2H, CH2 benzyl), 3.02-2.90 (m, 2H, CH2CH2CH2 

piperidine), 2.81-2.75 (m, 1H, CH2CO), 2.64-2.59 (m, 1H, CH2CO), 2.23 (s, 3H, CH3 benzyl), 

2.14-2.06 (m, 2H, NCH2CH2 piperidine), 1.97-1.90 (m, 1H, CH piperidine), 1.76-1.62 (m, 2H, 

NCH2CH piperidine), 1.53-1.43 (m, 1H, CH2CH2CH piperidine), 1.15-1.10 (m, 1H, CH2CH2CH 

piperidine). 13C NMR (101 MHz, DMSO-d6): δ [ppm]: 179.4 (CO), 167.5 (OCN oxadiazole), 

165.9 (OCN oxadiazole), 161.1 (d, 1J(C,F) = 241.4 Hz, CF benzyl), 159.6 (COCH3 phenyl), 142.3 

(CNH anilide), 139.8 (d, 3J(C,F) = 4.0 Hz, CHmeta benzyl), 136.4 (CH benzamide), 130.0 (COC 

benzamide), 128.0 (2C, CH anilide), 126.6 (d, 3J(C,F) = 9.0 Hz, CCH2 benzyl), 125.8 

(d 4J (C,F) = 3.0 Hz, CHpara benzyl), 124.1 (d, 2J(C,F) = 16.1 Hz, CHortho benzyl), 121.5 (CC, 

anilide), 120.7 (2C, CH anilide), 120.3 (CH benzamide), 117.9 (CH benzamide), 113.8 

(d, 2J(C,F) = 23.2 Hz, CH3C benzyl), 113.4 (CH benzamide), 60.5 (NCH2 benzyl), 58.6 (NCH2, 
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piperidine), 55.7 (OCH3), 53.8 (NCH2, piperidine), 34.4 (COCH2), 30.3 (CH2 piperidine), 30.1 

(CH2 piperidine), 24.5 (CH piperidine), 10.4 (d, 3J(C,F) = 6.0 Hz, CH3). 
19

F NMR (376 MHz, 

DMSO-d6) δ [ppm]: -117.7 (m, CF). LRMS (APCI): m/z calcd. for C31H32FN3O3 + H+ [M+H]+ 

514.6, found 514.4. HPLC analysis: retention time = 19.123 min; peak area, 98 %. 

Synthesis of 4-fluoro-N-(4-(5-((1-(3-fluoro-2-methylbenzyl)piperidin-3-yl)methyl)-1,2,4-oxadiazo

l-3-yl)phenyl)benzamide (15). The crude was purified by flash chromatography on SiO2 gel with 

Cy / AcOEt (1/1), leading to 15. White crystalline solid; 60 mg, yield 91 %. Rf = 0.69 (50 % AcOEt 

in Cy). 1H NMR (400 MHz, DMSO-d6) δ [ppm]: 10.55 (s, 1H, NH amide), 8.08 ((m(AA’XX’), 

2H, CH benzamide), 7.99 ((m(AA’BB’), 2H, CH anilide), 7.95 ((m(AA’BB’), 2H, CH anilide), 

7.41 ((m(AA’XX’), 2H, CH benzamide), 7.17–7.00 (m, 3H, CH benzyl), 3.44 (s, 2H, CH2 benzyl), 

3.02–2.90 (m, 2H, CH2CH2CH2 piperidine), 2.80–2.75 (m, 1H, CH2CO), 2.65–2.59 (m, 1H, 

CH2CO), 2.23 (s, 3H, CH3 benzyl), 2.15–2.06 (m, 2H, NCH2CH2 piperidine), 1.99–1.91 (m, 1H, 

CH piperidine), 1.76–1.60 (m, 2H, NCH2CH piperidine), 1.52–1.43 (m, 1H, CH2CH2CH 

piperidine), 1.21–1.11 (m, 1H, CH2CH2CH piperidine). 13C NMR (101 MHz, DMSO-d6) δ [ppm]: 

179.4 (CO), 167.5 (OCN oxadiazole), 165.1 (NCN oxadiazole), 164.6 (d, 1J(C,F) = 250.5 Hz, CF 

benzamide), 161.1 (d, 1J(C,F) = 241.4 Hz, CF benzyl), 142.3 (CNH anilide), 139.8 

(d, 3J(C,F) = 4.0 Hz, CHmeta benzyl), 131.4 (d, 4J(C,F) = 3.0 Hz, COC benzamide), 131.0 

(d, 3J(C,F) = 9.0 Hz, 2C, CH benzamide), 128.0 (2C, CH anilide), 126.6 (d, 3J(C,F) = 8.0 Hz, 

CCH2 benzyl), 125.8 (d, 4J(C,F) = 3.0 Hz, CHpara benzyl), 124.1 (d, 2J(C,F) = 16.1 Hz, CHortho 

benzyl), 121.6 (CC anilide), 120.7 (2C, CH anilide), 115.8 (d, 2J(C,F) = 22.2 Hz, 2C, CH 

benzamide), 113.8 (d, 2J(C,F) = 23.2 Hz, CH3C benzyl), 60.5 (NCH2 benzyl), 58.7 (NCH2, 

piperidine), 53.8 (NCH2, piperidine), 34.4 (COCH2), 30.3 (CH2 piperidine), 30.1 (CH2 piperidine), 

24.5 (CH piperidine), 10.4 (d, 3J(C,F) = 5.0 Hz, CH3). 
19

F NMR (376 MHz, DMSO-d6) δ [ppm]: -
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117.7 (m, CF benzyl), -108.3 (m, CF benzamide). LRMS (APCI): m/z calcd. for C29H28F2N4O2 + 

H+ [M+H]+ 502.5, found 503.0. HPLC analysis: retention time = 19.218 min; peak area, 97.9 %. 

Enantiomers of compound 15 were isolated via chiral chromatography as white crystalline solid. 

For conditions applied, see materials and methods above. HPLC analysis: Enantiomer 1, retention 

time = 49.657 min; peak area, 98.7 %. Enantiomer 2, retention time = 53.323: peak area, 98.5 %.  

Isolated enantiomers were further analyzed via circular dichroism. In a quartz cell (1 mm width), 

1 mM solution in methanol was added and the absorption and circular dichroism were measured 

in the UV-vis range of 220-380 nm at 20 °C with a speed of 500 nm/min (5 accumulations). At 

285 nm wavelength, the same maximum absorption was observed for the racemate and two 

isolated enantiomers. CD measurement: Enantiomer 1: + 1.3 mdeg, Enantiomer 2: -1.4 mdeg. 

Synthesis of 4-chloro-N-(4-(5-((1-(3-fluoro-2-methylbenzyl)piperidin-3-yl)methyl)-1,2,4-oxadiaz

ol-3-yl)phenyl)benzamide (16). The crude was purified by flash chromatography on SiO2 gel with 

Cy / AcOEt (1/1), yielding 16. White crystalline solid; 63 mg, yield 90 %. Rf = 0.34 (50 % AcOEt 

in Cy). 1H NMR (400 MHz, DMSO-d6) δ [ppm]: 10.59 (s, 1H, NH amide), 8.02 ((m(AA’XX’), 

2H, CH benzamide), 7.99 ((m(AA’BB’), 2H, CH anilide), 7.95 ((m(AA’BB’), 2H, CH anilide), 

7.64 ((m(AA’XX’), 2H, CH benzamide), 7.16–6.99 (m, 3H, CH benzyl), 3.43 (s, 2H, CH2 benzyl), 

3.01–2.89 (m, 2H, CH2CH2CH2 piperidine), 2.80–2.75 (m, 1H, CH2CO), 2.63–2.57 (m, 1H, 

CH2CO), 2.23 (s, 3H, CH3 benzyl), 2.14–2.04 (m, 2H, NCH2CH2 piperidine), 1.96–1.90 (m, 1H, 

CH piperidine), 1.76–1.61 (m, 2H, NCH2CH piperidine), 1.52–1.41 (m, 1H, CH2CH2CH 

piperidine), 1.20–1.10 (m, 1H, CH2CH2CH piperidine). 13C NMR (101 MHz, DMSO-d6) δ [ppm]: 

179.4 (CO), 167.5 (OCN oxadiazole), 165.1 (NCN oxadiazole), 161.13 (d, 1J(C,F) = 242.4 Hz, CF 

benzyl), 142.2 (CNH anilide), 139.8 (d, 3J(C,F) = 4.0 Hz, CHmeta benzyl), 137.0 (CCl, benzamide), 

133.7 (COC benzamide), 130.1 (2C, CH benzamide), 128.9 (2C, CH benzamide), 128.0 (2C, CH 

https://doi.org/10.26434/chemrxiv-2023-7x8pz-v2 ORCID: https://orcid.org/0000-0002-6361-7716 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0

https://doi.org/10.26434/chemrxiv-2023-7x8pz-v2
https://orcid.org/0000-0002-6361-7716
https://creativecommons.org/licenses/by-nc/4.0/


 38 

anilide), 126.6 (d, 3J(C,F) = 9.0 Hz, CCH2 benzyl), 125.8 (d, 4J(C,F) = 2.02 Hz, CHpara benzyl), 

124.1 (d, 2J(C,F) = 16.1 Hz, CHortho benzyl), 121.7 (CC anilide), 120.7 (2C, CH anilide), 113.8 

(d, 2J(C,F) = 23.2 Hz, CH3C benzyl), 60.5 (NCH2 benzyl), 58.7 (NCH2, piperidine), 53.8 (NCH2, 

piperidine), 34.4 (COCH2), 30.3 (CH2 piperidine), 30.1 (CH2 piperidine), 24.5 (CH piperidine), 

10.4 (d, 3J(C,F) = 5.0 Hz, CH3). 
19

F NMR (376 MHz, DMSO-d6) δ [ppm]: -117.7 (m, CF). HRMS 

(ESI): m/z calcd. for C29H28FClN4O2 + H+ [M+H]+ 519.2, found 519.2, 521.2. HPLC analysis: 

retention time = 20.361 min; peak area, 99 %. 

Synthesis of 5-chloro-N-(4-(5-((1-(3-fluoro-2-methylbenzyl)piperidin-3-yl)methyl)-1,2,4-

oxadiazol-3-yl)phenyl) thiophene-2-carboxamide (17). The crude was purified by flash 

chromatography on SiO2 gel with Cy / AcOEt (1/1) to obtain 17. White crystalline solid; 89 mg, 

yield 66 %. Rf = 0.62 (50 % AcOEt in Cy). 1H NMR (400 MHz, DMSO-d6) δ [ppm]: 10.57 (s, 1H, 

NH, amide), 7.98 (d, 3J(H,H) = 5.6 Hz, 1H, CH thiophene), 7.96 ((m(AA’BB’), CH anilide), 7.91 

((m(AA’BB’), 2H, CH anilide), 7.31 (d, 3J(H,H) = 5.5 Hz, 1H, CH thiophene), 7.17–6.99 (m, 3H, 

CH benzyl), 3.43 (s, 2H, CH2 benzyl), 3.03–2.89 (m, 2H, CH2CH2CH2 piperidine), 2.79–2.73 (m, 

1H, CH2CO), 2.61–2.59 (m, 1H, CH2CO), 2.23 (s, 3H, CH3 benzyl), 2.13–2.05 (m, 2H, NCH2CH2 

piperidine), 1.98–1.90 (m, 1H, CH piperidine), 1.74–1.60 (m, 2H, NCH2CH piperidine), 1.52–1.42 

(m, 1H, CH2CH2CH piperidine), 1.20–1.10 (m, 1H, CH2CH2CH piperidine). 13C NMR (101 MHz, 

DMSO-d6) δ [ppm]: 179.5 (CO), 167.4 (OCN oxadiazole), 161.1 (d, 1J(C,F) = 241.4 Hz, CF 

benzyl), 159.4 (NCN oxadiazole), 141.6 (CC anilide), 139.8 (d, 3J(C,F) = 4.0 Hz, CHmeta benzyl), 

139.1 (CCl thiophene), 134.8 (CCO thiophene), 130.0 (CH thiophene), 128.8 (CH thiophene), 

128.1 (2C, CH anilide), 126.6 (d, 3J(C,F) = 9.0 Hz, CCH2 benzyl), 125.8 (d, 4J(C,F) = 3.03 Hz, 

CHpara benzyl), 124.1 (d, 2J(C,F) = 16.1 Hz, CHortho benzyl), 121.8 (CNH anilide), 120.7 (2C, CH 

anilide), 113.8 (d, 2J(C,F) = 22.2 Hz, CH3C benzyl), 60.5 (NCH2 benzyl), 58.7 (NCH2, piperidine), 
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53.8 (NCH2, piperidine), 34.4 (COCH2), 30.3 (CH2 piperidine), 30.1 (CH2 piperidine), 24.7 (CH 

piperidine), 10.4 (d, 3J(C,F) = 5.1 Hz, CH3). LRMS (APCI): m/z calcd. for C27H26FClN4O2S + H+ 

[M+H]+ 525.0, found 524.9, 526.9. HPLC analysis: retention time = 18.005 min; peak area, 97 %. 

Molecular docking. The pdb structures of proteins were downloaded from the Protein Data Bank 

(pdb) database (www.rcsb.org).78 SmSirt2 homology model was generated using Swiss-Model 

server (swissmodel.expasy.org).79 The human Sirt2 conformation with SirReal ligand (PDB ID 

5DY5) was taken for docking and as a template for SmSirt2 homology model generation, as it 

could accommodate bulky ligands. Comparison and visualisation of protein-ligand complexes as 

well as ligand preparation were performed with MOE software (MOE version 2019.01; Chemical 

Computing Group Inc., Montreal, Canada). Protein preparation and ligand docking was performed 

with Schrödinger software (Schrödinger Release 2020-2: LigPrep, Schrödinger, LLC: NewYork, 

NY, 2020). Default procedure was applied for protein preparation using Protein Preparation 

Wizard - addition of missing hydrogen atoms and amino acid side chains, removal of solvent 

molecules and metal ions, optimization of protonation states and minimization with OPLS Force 

Field.80 Docking was done using Glide in standard precision (SP) mode. The output of the LigPrep 

was applied to the Confgen tool in Schrödinger Suite by applying 64 conformers per each ligand 

and minimizing the conformers. Molecular docking studies were performed using the standard 

precision (SP) mode with flexible ligand sampling and enhanced planarity of the conjugated pi 

groups in the Glide program of the Schrödinger Suite. The grid box was generated with 15×15×15 

Å size using the Receptor Grid Generation module in Schödinger. Redocking procedure was able 

to reproduce the binding mode of cocrystallized ligand in 5DY5 and 8PY3 with RMSD below 

0.3 Å (Fig S2 SI). 
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Expression and purification of SmSirt2. Overexpression was carried out in E. coli BL21(DE3) 

cells in 2× Luria Broth medium. The cells were grown to OD600 of 1.2 at 37 °C; then, the culture 

was cooled down to 25 °C and induction of expression was done by adding 0.5 mM final isopropyl-

1-thio-β-D-galactopyranoside (Euromedex), in the presence of 100 μM ZnCl2. Harvested bacteria 

were resuspended in lysis buffer (400 mM NaCl, 10 mM Tris−HCl pH 8.0) and lysed by 

sonication. The lysate was clarified by centrifugation (17 000 rpm, JA-25.50 Beckman) for 1 h. 

The supernatant was loaded onto Talon Metal affinity resin (Clontech) preequilibrated with the 

lysis buffer. The 3C protease treatment was used to remove the His-tag from the recombinant 

protein, which was subsequently loaded onto HiLoad 16/60 Superdex 200 gel filtration column 

(Amersham Bioscience) equilibrated in 400 mM NaCl, 10 mM Tris−HCl pH 8.0, and 2 mM 

dithiothreitol (DTT). Finally, the protein was concentrated with an Amicon Ultra centrifugal filter 

unit (Millipore) to reach a final concentration of 1.5 mg/mL as assayed by the A280 measurement 

(NanoDrop). 

Expression and purification of Sirt1 and Sirt2. Chemically competent E. coli BL21 Star (DE3) 

cells were transformed with the expression vectors pET30S-hSirt1134-747 or pET30S-hSirt256-356. 

The cells were grown at 37 °C in 2× YT medium supplemented with 50 μgmL-1 kanamycin to an 

OD600 of 0.6 – 0.7. Overexpression of Sirt1134-747 and Sirt256-356 was induced by addition of 

isopropyl-β-D-1-thiogalactopyranoside (IPTG) to a final concentration of 1 mM. After further 

cultivation for 16 h at 20 °C, the cells were harvested by centrifugation for 15 min at 5,000 g. The 

cells were resuspended in lysis buffer (100 mM Tris/HCl buffer at pH=8.0, 150 mM NaCl and 

10 % (v/v) glycerol) and disrupted by ultrasonication (Branson Digital Sonifier 250) at 70 % 

amplitude for 10 min (3 s working, 10 s pause). The cell debris were removed by centrifugation 

for 1 h at 80,000 g, and the supernatant was loaded on a Strep-Tactin Superflow cartridge (5 ml 
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bed volume, IBA Lifescience, Germany). After elution with lysis buffer containing D-

Desthiobiotin (5 mM, IBA Lifescience, Germany) the target proteins were further purified by size-

exclusion chromatography (Superdex S200 26/60, GE Healthcare, IL, USA) equilibrated with 

Tris/HCl buffer (20 mM, 150 mM NaCl, pH=8.0). Pure protein was concentrated by ultrafiltration, 

flash-frozen in liquid nitrogen and stored at −80 °C until further use. Purity and identity of the 

target proteins were verified by SDS-PAGE and protein concentration was determined by the 

bicinchoninic acid (BCA) method using bovine serum albumin (BSA) as a standard. 

Crystallization. For crystallization experiments truncated human Sirt256-356
 was expressed and 

purified as described previously with minor modifications summarized below.74 Sirt256-356 was 

overexpressed in 2×YT medium (5 g/L NaCl, 16 g/L tryptone, 10 g/L yeast extract) using strain 

E. coli BL21 Star (DE3) at 20 °C overnight. Overexpression was induced with IPTG (Isopropyl-

β-D-1-thiogalactopyranoside, final concentration of 1.0 mM) at an OD600 of 0.6 – 0.8. The 

cleavage of the His10-Tag via TEV protease was performed in lysis buffer (50 mM Tris/HCl, 

500 mM NaCl, 10 % (v/v) glycerol, 0.5 mM Tris(2-carboxyethyl)phosphine (TCEP), pH 8.0) at 

4 °C for 36 h. Sirt256-356 was applied on a HisTrapTM HP column (5 mL, GE Healthcare) again to 

obtain pure fractions of Sirt256-356 with cleaved His10-Tag in the flowthrough. For the last 

purification step a Superdex S75 26/600 gel filtration column (20 mM HEPES, 150 mM NaCl, pH 

7.5) was used.  

Crystallization assays were set up with the Oryx Nano pipetting robot (Douglas Instruments, East 

Garston, UK) using the vapor diffusion sitting drop method (MRC 2 Well UVP Plate, SWISSCI, 

Buckinghamshire, England) at 20 °C. Sirt2 (12.8 mg/mL) was incubated with 1.67 mM compound 

16 (100 mM stock solution in DMSO, 1.67 % (v/v) final DMSO concentration) on ice for 1 h prior 

to crystallization. To remove precipitates, the solutions were centrifuged 10 min at 4 °C before 
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pipetting. Initial crystals of the Sirt2-16 complex were only obtained in presence of Sirt2-Mz242 

crystals as microseeds (see Figure 1 for Mz242 structure).81 These crystals formed after 3 days in 

wells with 0.3 µL protein solution, 0.1 µL Sirt2-Mz242 crystal solution and 0.3 µL reservoir 

solution in a condition of 26.5 % (w/v) PEG 3,350 in 0.1 M Bis-Tris at pH 6.5. Suitable crystals 

of the Sirt2-16 complex formed after 5 days in wells with 0.3 µL protein solution, 0.1 µL Sirt2-16 

crystal solution and 0.3 µL reservoir solution in a condition of 25 % (w/v) PEG 3,350 in 0.22 M 

Bis-Tris at pH 6.5. The crystals were cryoprotected with a mixture of reservoir solution and 

10 % (v/v) 2R,3R-(–)-butanediol, mounted on a nylon loop and flash-cooled in liquid nitrogen. 

Data collection and structure determination. X-ray diffraction data was collected on ID30A-3 

(MASSIF-3) beamline at the European Synchrotron Radiation Facility (ESRF, Grenoble) using an 

Eiger X 4M detector. The dataset was processed using autoPROC82 and scaled using Aimless.83 

The structure was solved by molecular replacement with Phaser84 using the Sirt2-SirReal2-

AcLysH3 complex (PDB 4RMH)74 as a search model. The model was built and refined in iterative 

steps with COOT85 and either REFMAC86 or Phenix.refine87. Restraints for 16 were generated 

with the Grade Web Server (Global Phasing Ltd., United Kingdom). All residues except for 

Met299, Ile300, Met301, Gly302 and Leu303 of the Sirt2-specific insertion are defined in the 

electron density. Amino acids Gly101 – Tyr106 and Leu112 – Pro113 exhibit poor electron density 

and higher B-factors (50 – 70 Å²) compared to the rest of the protein (avg. 26.5 Å², Figure S4 (B)). 

The electron density of 16 is well refined. Final structures were validated using MolProbity.88 Data 

collection and refinement statistics are summarized in Table S2. 

General biochemistry conditions. The water used for in vitro assays was distilled (bidest. H2O) in 

a Milli-Q Gradient (Millipore) device. Buffer solutions were prepared from H2O (bidest.) in 

100 mL. Buffer components were dissolved in final concentrations according to the experimental 

https://doi.org/10.26434/chemrxiv-2023-7x8pz-v2 ORCID: https://orcid.org/0000-0002-6361-7716 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0

https://doi.org/10.26434/chemrxiv-2023-7x8pz-v2
https://orcid.org/0000-0002-6361-7716
https://creativecommons.org/licenses/by-nc/4.0/


 43 

procedure. The pH was adjusted using a METTLER TOLEDO Benchtop pH Meter, which was 

calibrated before measurements. After filtration, bottles were stored at 4 °C. Specific detergents 

and additives like Triton X-100 (TRT-X100), 1,4-dithiothreitol (DTT) and CHAPS were freshly 

added before performing the experiment. Substrates ZMAL, ZMML, the product AMC, NA, 

TAMRA-probe and SYPRO™ Orange dye were all stored as DMSO stock in mM range 

concentration (according to the experimental procedure) at -20 °C and freshly diluted in assay 

buffer when the assay was conducted. Peptides were stored as 1 mM stock in distilled water and 

stored at -80 °C. Enzymes Sirt1-3, SmSirt2 and trypsin were stored in appropriate buffer at -80 °C. 

Inhibitors were generally stored as 10 mM DMSO stock solutions at -20 °C and diluted in series 

with assay buffer to specific concentrations according to the testing and in some cases to compound 

solubility. Testing was conducted in duplicates or triplicates per sample and the experiment was 

repeated at least two times. The results are reported as mean ± STD of at least two separate 

independent experiments. 

In vitro deacetylation assay for Sirt1-3. According to the previously established protocol89, The 

assay was performed in black 96 well plates (OptiPlate TM 96-F, Pinch bar design, Perkin Elmer, 

USA) with a reaction volume of 60 μL per well. 47 μL hSirt250-356 in assay buffer (50 mM Tris–

HCl, 137 mM NaCl, 2.7 mM KCl, 1 mM MgCl2, pH=8.0) were mixed with 5 μL of a substrate 

solution (10.5 µM final concentration) and 3 μL of inhibitor dissolved in DMSO at various 

concentrations or 3 μL of DMSO as control (final assay concentration 5 % (v/v)). 5 μL of NAD+ 

solution (3.98 mg/mL in assay buffer, final assay concentration 500 μM) were added in order to 

start the reaction. The reaction was incubated for 4 h at 37 oC and 250 rpm. hSirt2 assay 

concentration was adjusted in order to have a final ZMAL conversion between 15 % and 30 %. 

After the first incubation, 60 μL of stop solution (50 mM Tris, 100 mM NaCl, 6.7 % (v/v) DMSO, 
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trypsin 1mg/mL, 8 mM nicotinamide, pH=8.0) were added. The microplate was further incubated 

for 20 min at 37 oC and 250 rpm. Fluorescence intensity was measured by microplate reader (λEx 

=390 nm, λEm =460 nm, BMG POLARstar Optima, BMG Labtech, Germany). As blank control a 

solution containing ZMAL without the enzyme was used. For 100 % theoretical conversion 

control, AMC was used instead of ZMAL and no enzyme was added. The substrate conversion 

was evaluated in relation to the 100 % control, after blank subtraction. The inhibition was 

evaluated in relation to a DMSO control. IC50 values were then determined a using non-linear 

regression fit with Origin Pro 2019 software. All experiments were performed at least in 

duplicates.  

In vitro demyristoylation assay for Sirt2. As previously described77, the protocol requires the same 

assay conditions as the end-point homogeneous fluorescence-based assay for hSirt1-3 

deacetylation, using ZMML instead of ZMAL as substrate (5.25 µM final assay concentration) 

and a different buffer composition: 25 mM Hepes 137 mM NaCl, 2.7 mM KCl, 1 mM MgCl2, 

Triton X-100 0.015 %, pH=8.0. All experiments were performed at least in duplicates.  

In vitro activity assay for SmSirt2. The assay was performed as previously described71. In 384 

well black plates (OptiPlate TM 384-F, Perkin Elmer, USA). 14 μL of SmSirt2 (SmST1-N1C1; 

amino acid residues 21 to 322) in assay buffer (25mM Tris–HCl, 137mM NaCl, 2.7mM KCl, 1mM 

MgCl2, 0.5mM DTT, 0.015% of TritonX-100, pH=8.0) were mixed with 2.5 μL of substrate 

solution (12.6 mM stock solution in DMSO diluted with assay buffer to obtain a final assay 

concentration of 10.5 μM) and 1 μL of inhibitor or 1 μL of DMSO as control (final assay 

concentration 5 % (v/v)). 2.5 μL of NAD+ solution (2.653 mg/mL in assay buffer, final assay 

concentration 500 μM) were added in order to start the reaction. The mixture was then incubated 

for 1 h at 37 oC and 250 rpm. SmSirt2 assay concentration was adjusted in order to have a final 
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ZMAL conversion between 15 % and 30 %. After the first incubation 20 μL of stop solution 

(50 mM Tris, 100 mM NaCl, 6.7 % (v/v) DMSO, trypsin 1 mg/mL, 8 mM nicotinamide, pH=8.0) 

were added. The plate was then incubated for 20 min at 37 oC and 250 rpm. The fluorescence 

intensity was measured in a microplate reader (λEx=390 nm, λEm=460 nm, BMG POLARstar 

Optima, BMG Labtech, Germany). As blank control a solution containing ZMAL without the 

enzyme was used. For 100 % theoretical conversion control, AMC was used instead of ZMAL and 

no enzyme was added. The substrate conversion was evaluated in relation to the 100 % control, 

after blank subtraction. The inhibition was evaluated in relation to a DMSO control. IC50 values 

were then determined a using non-linear regression fit with Origin Pro 2019 software. All 

experiments were performed at least in duplicates. 

Thermal shift assay. As previously reported74, in a black 96 well plates (Hard-Shell® PCR-Plates, 

thin-wall, BioRAD, USA), 10 μL of hSirt2 (final assay concentration 0.2 mgmL-1) in assay buffer 

(Tris/HCl 25 mM, NaCl 150 mM, Dithiothreitol DTT 1 mM, pH=8.0) were mixed with SYPROTM 

Orange (1:4000, Sigma-Aldrich, Germany) with or without NAD+ (final assay concentration 

2.5 mM). 10 μL of the inhibitor was added (final assay concentration 5 or 25 μM) and the 

fluorescence intensity was monitored during a constant temperature gradient of 1 °C per 20 s from 

25 – 95 °C using a real-time PCR machine (C1000 TouchTM Thermal Cycler, CFX96TM Real-

Time System, BioRAD, USA). Melting temperatures were determined according to a published 

procedure90 using Graphpad Prism software. 

Fluorescence polarization assay. According to the published procedure30, the assay was 

performed in 384-well black, non-binding microplate (Greiner Bio-One GmbH, Frickenhausen, 

Germany) with a total assay volume of 20 µL. 4 µL of assay buffer (50 mM TRIS-HCl, 137 mM 

NaCl, 2.7 mM KCl, 1 mM MgCl2, 1 mg/mL BSA and 0.05 % CHAPS, pH=8.0), 10 µL of hSirt256-
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356 (3 mg/mL stock diluted in assay buffer, final assay concentration 200 nM), and 1 µL of sample 

at different assay concentrations was incubated at 37 °C and 250 rpm for 10 min. 5 µL of SirReal 

probe solution (prepared from 10 mM stock solution diluted in assay buffer, final assay 

concentration 40 nM) were then added and the microplate was incubated for 30 minutes at 37 °C 

and 250 rpm. Fluorescence polarization was then measured by EnVisionTM plate reader 

(PerkinElmer, optical module – BODIPY TMR FP, excitation filter – FP 531 nm, emission filter 

1 – FP p-pol 595 nm, emission filter 2 – FP s-pol 595 nm). For the blank control 19 µL of buffer 

were incubated with 1 µL of DMSO (final assay concentration 5 % (v/v)). In the minimum control, 

characterized by complete prevention of fluorescent probe binding, 1 µL of assay buffer was used, 

while for the maximum control, characterized by complete binding of the fluorescent probe, 1 µL 

of DMSO was added. Inhibition was calculated using Equation reported below (PI, Pneg and Ppos 

are fluorescence polarization values of samples, positive and negative control respectively). All 

experiments were performed at least in duplicates. 

𝐼 = 100 × (1 (
𝑃𝐼 − 𝑃𝑛𝑒𝑔

𝑃𝑝𝑜𝑠 − 𝑃𝑛𝑒𝑔
)) % 

 

Progress curve analysis. In a black 96 well plates (OptiPlate TM 96-F, Pinch bar design, Perkin 

Elmer, USA), 45 µL of a hSirt256-356 solution (0.7 µL of hSirt256-356 (3 mg/mL per well) in assay 

buffer (50 mM Tris–HCl, 137 mM NaCl, 2.7 mM KCl, 1 mM MgCl2, pH=8.0), 5 µL of substrate 

(100 µM final assay concentration) and 1 µL of DMSO or 60x inhibitor (at various concentrations) 

were added. 5 µL NAD+ 3.98 mg/mL (500 µM final assay concentration) and 5 µL trypsin 240 

ng/µL assay concentration were then added to start the catalysis. The reaction was monitored over 

time for 60 min, measuring the fluorescence intensity of AMC released every 30 seconds. The 
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velocity of each reaction was determined via linear fit using Graphpad Prism software. All 

experiments were performed at least in duplicates. 

Modality of inhibition. In a black 96 well plates (OptiPlate TM 96-F, Pinch bar design, Perkin 

Elmer, USA), 45 µL of a hSirt256-356 solution (0.7 µL of hSirt256-356 (3 mg/mL per well) in assay 

buffer (50 mM Tris–HCl, 137 mM NaCl, 2.7 mM KCl, 1 mM MgCl2, pH=8.0), 5 µL of substrate 

(7.8 µM-1 mM final assay concentration) and 1 µL of DMSO or 60x inhibitor (at various 

concentrations) were added. 5 µL NAD+ 3.98 mg/mL (500 µM final assay concentration) and 5 

µL of trypsin 240 ng/µL (assay concentration) were then added to start the catalysis. The reaction 

was monitored over time for 60 min, measuring the fluorescence intensity of AMC released every 

30 seconds. The velocity of each reaction was determined via linear fit, maximum velocity and 

Michaelis-Menten parameters for each inhibitor concentration were obtained with a non-linear 

Michaelis-Menten fit, using Graphpad Prism software. All experiments were performed at least in 

duplicates. 

Cell viability assay (MTS assay). Cell viability was determined by using the Celltiter 96 Aqueous 

nonradioactive Proliferation Assay (Promega). Cells were seeded in sterile 96-well plates at a 

density of 2000 cells per well and incubated for 72 h at 37 °C and 5% CO2. Compound and vehicle 

were added to a final concentration of 0.5% DMSO. After 72 of incubation time, 20 mL of a 

mixture (20 : 1) consisting of MTS (3-(4,5-dimethylthiazol-2-yl)- 5-(3-carboxymethoxyphenyl)-

2-(4-sulfophenyl-2H-tetrazolium) and PMS (phenazine methosulfate) were added to each well. 

Absorbance was measured after another 2–4 h with a BMG LABTECH POLARstar OPTIMA 

plate reader (BMG Labtechnologies, Germany). Experiments were performed in triplicates and 

GI50 values were calculated using the Graphpad Prism software. GI50 was defined as the 

concentration that led to 50% viable cells. 
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Detection of α-tubulin acetylation levels by immunofluorescence. PC-3M-luc cells (20,000 cells 

per well) were plated in ibidi 8-well µ-slides (ibidi, cat. #80826) and incubated overnight at 37 °C, 

5% CO2. After treatment with 20 µM of inhibitors for 6 hours, medium was removed, cells were 

washed with PBS and fixed with 4% PFA for 8-10 min at room temperature. Cells were rinsed 

three times with PBS and lysed with extraction buffer (PBS, 0.1% Triton X-100) for 3-5 min at 

room temperature, followed by another washing step with PBS. After the addition of blocking 

buffer (PBS, 0.1% Triton, 2-5% FCS), acetyl-α-Tubulin (Lys40) (D20G3) XP Rabbit mAb Alexa 

Fluor 647 Conjugate (1:50, #81502) was added overnight at 4 °C in the dark. The cells were rinsed 

again two times with blocking buffer and once with PBS, followed by the addition of DAPI in 

mounting medium (VECTASHIELD HardSet Antifade Mounting Medium with DAPI, #H-1500-

10), diluted 1:50 in PBS, for at least 10 min in the dark. Confocal microscopy was performed with 

a Leica SP8 confocal microscope equipped with a 40_/1.40 oil objective (Leica Microsystems). 

The laser settings of the images were maintained constant to allow a direct comparison of signal 

intensities between images. 

Migration assay. PC-3M-luc cells were starved overnight in RPMI-1640 Medium without FCS. 

Cell migration was monitored using the xCelligence system (Roche, Basel, Switzerland) that 

measures electrode impedance upon cell attachment to the surface of CIM-plate chambers. PC-

3M-luc cells were seeded with a number of 5 x 104 cells into the transwell chamber containing 0% 

FCS RPMI 1640 in the upper chamber and 10% FCS RPMI 1640 in the lower chamber. Before 

starting the experiment, inhibitors were added at 20 or 10 µM to the cells in the upper chamber. 

The negative control was performed with 0%FCS RPMI 1640 in both chambers. Cell indices were 

automatically recorded every 15minutes for 72 h by the xCelligence system software (Roche). 

Relative velocities represent the change of the cell index over time. 
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cells (Henrietta Lacks); HM, Homology model; IC50, Half maximal inhibitory concentration; 

NAD+, Nicotinamide adenine dinucleotide; PC-3M-luc, Metastatic prostate cancer luciferase cells; 

Sm, Schistosoma mansoni; Sirt, Sirtuin; ZMAL, Z-(Ac) Lys-AMC; ZMML, Z-(Myr) Lys-AMC 
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